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ABSTRACT
A study has been conducted to develop predictive methods for optimizing weld
overlay processing parameters and comparing the performance of welding processes which
are typically used in overlay applications. The important factors considered in terms of
parameter optimization and process performance included arc efficiency, melting
efficiency, deposition rate, dilution, and coating thickness. The processes considered
included the non-consumable electrode processes Plasma Arc Welding (PAW) and Gas
Tungsten Arc Welding (GTAW) along with the consumable electrode processes Gas
Metal Arc Welding (GMAW) and Submerged Arc Welding (SAW).
The arc efficiency was found to be nominally constant for a given welding process.
Semi-empirical relations were developed to estimate melting efficiency and coating
thickness from the welding parameters. Fundamental relations which express the dilution
and maximum deposition rate as a function of the welding parameters were developed
based on energy balance equations. The pertinent equations were found to accurately
describe the experimental data. A new processing diagram, termed the Surfacing Diagram,
has been developed to facilitate parameter optimization. The diagram utilizes the derived
equations to display the maximum deposition rate and resultant dilution for any
combination of welding parameters. The diagram can also be used to compare the
performance of arc welding processes.
The consumable electrode processes showed better performance in terms of arc
efficiency, melting efficiency, and deposition rate. The high melting efficiencies and
deposition rates which were achievable with these processes were found to be a direct
result of the high arc efficiency. The non-consumable electrode processes showed better
performance in terms of dilution and coating thickness control. This has been attributed
to the ability of these processes to independently control filler metal feed rate and arc
power.
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1. INTRODUCTION
Welding is becoming a popular method for applying corrosion and erosion resistant
overlay coatings. Weld overlays offer several advantages over other coating systems. First,
the overlay-substrate weld provides a metallurgical bond which is not susceptible to
spallation. In addition, the overlay coating can easily be applied free of porosity and other
defects. Lastly, weld overlays are very versatile as a large number of commercially
available alloys can be selected to provide protection from a wide range of environmental
degradation mechanisms.
The effectiveness of weld overlay coatings depends mainly on two factors: l)the
welding process and 2)the overlay alloy composition. The welding process must be
selected and optimized to apply protective overlays at high deposition rates and thermal
efficiency with good control over overlay-substrate dilution and coating thickness. The
overlay alloy composition must be selected to provide good corrosion and erosion
resistance and must be readily weldable. The present research addresses the effectiveness
of weld overlay coatings as influenced by the welding process.
There is a number of welding processes available for applying protective overlays,
and there are many variables which must be considered in order to optimize the
performance of each process. To this point there has not been a detailed evaluation
conducted to determine the best process(es) for applying protective weld overlays. In
addition, the effect of processing parameters on the optimization of welding processes is
presently only qualitatively understood and, as a result, process optimization is a time-
consuming procedure. Therefore, the objectives of this research are to l)Quantify the
3
effect of processing parameters on process optimization so that the best set of welding
variables can be quickly identified with any welding process for any application and
2)Determine what process(es) are best suited for applying protective weld overlays.
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2. LITERATURE REVIEW
There is a number of welding processes available for applying protective weld
overlays and there are many welding parameters which must be considered when
attempting to optimize a particular process for a given application. The objective of this
literature review is to determine what processing variables have the greatest effect on
optimizing the performance of arc welding processes for applying protective weld
overlays. Once this is established, a process optimization study can be conducted. The
results of the optimization study can be used in two ways. First, it will reveal, in a
quantitative sense, how each processing parameter should be selected to optimize the
performance of a given process. Second, once each process has been optimized, a
comparison between processes can be made in order to select the most efficient process
for a given application.
The literature review begins with a brief description of each welding process being
considered. This section is followed with a qualitative description of the parameters which
need to be considered when optimizing welding processes for surfacing applications. Next,
the effect of processing parameters on the performance of arc welding processes is
considered. Five measures of process performance are considered: arc efficiency, melting
efficiency, dilution, deposition rate, and coating thickness. The review concludes with a
summary of the most influential processing parameters which need to be considered when
optimizing welding processes for applying protective weld overlays.
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2.1 WELDING PROCESSES
2.1.1 Non-Consumable Electrode Processes
2.1.1.1 Gas Tungsten Arc Welding (GTAW)
A schematic of the GTAW process is shown in Figure 1 (Ref. 1). With this process,
the heat required for welding is generated by an arc which is maintained between a non-
consumable tungsten electrode and the base metal. The tungsten electrode is contained
within a torch which is water cooled to prevent melting of the internal parts. The intensity
of the heat source is controlled primarily by adjusting the current that flows through the
arc. The process usually operates in the range of 75 - 400 amperes. A shielding gas,
which is typically argon or some mixture of argon with helium and/or hydrogen, exits
from the torch to surround the molten weld pool and avoids contamination from
atmospheric gases.
The GTAW process can be used with or without filler metal. When filler metal is
used, it can be added to the weld pool manually or by an automatic wire feeder. The
latter method is preferred when the process is used for surfacing large parts. The main
disadvantage of the process is the low deposition rates (weight of filler metal which can
be added per unit time). However, the dilution and thickness of surface coatings can be
accurately controlled, and the deposited metal is of very high quality with respect to other
processes.
2.1.1.2 Plasma Arc Welding (PAW)
The PAW process is a variation of the GTAW process where a different torch design
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is used. All other equipment is practically identical to the GTAW process. Current ranges
are also similar. A schematic which compares the PAW and GTAW torches is shown in
Figure 2 and the differences in temperature distribution within the arc which results from
the variations in torch designs are shown in Figure 3 (Ref. 2). The electrode of the
GTAW torch extends beyond the gas nozzle and the arc is not constricted. As a result,
the arc establishes a conical shape with a relatively low energy density. The area of arc
impingement on the base metal will vary with electrode-to-work distance. By contrast, the
tungsten electrode in the PAW torch is recessed within the gas nozzle and two gases are
used. An orifice gas flows at high velocity through the orifice body and forces the arc to
form a cylindrical shape. An auxiliary shielding gas protects the weld metal from
atmospheric gases. The energy density of the arc is increased due to the arc constriction,
and the area of arc impingement does not vary with electrode-to-work distance. The
recessed tungsten electrode also eliminates the possibility of tungsten contamination which
can occur in GTAW when the electrode may inadvertently touch the work piece.
PAW is widely used for surfacing applications. As with GTAW, high quality overlays
can be applied with good control over coating thickness and dilution. In addition, the
increased energy density is often reported to permit higher deposition rates. Lastly, the
recessed tungsten electrode permits the use of powder filler metals which can be
transported directly through the torch. Powder filler metals permit an extra level of control
over dilution and coating thickness and also provides a method for depositing overlay
materials which may be too brittle to produce in wire form.
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2.1.2 Consumable Electrode Processes
2.1.2.1 Gas Metal Arc Welding (GMAW)
A schematic of the GMAW process is illustrated in Figure 4 (Ref. 3). The equipment
is basically similar to the GTAW processes, except the arc is maintained between a
consumable electrode which is continuously deposited into the liquid pool and becomes
the weld metal. This process typically operates at currents in the range of 100 - 500
amperes. The speed of the wire from the torch is controlled by an automatic wire feeder.
Wire diameters typically range from 0.5 to 1.0 mm. An auxiliary shielding gas is used
to protect the molten weld pool.
The continuously fed electrode of the GMAW process produces deposition rates
which are typically higher than the non-consumable processes. In the non-consumable
processes, .much of the heat generated at the electrode is carried away by the cooling
water which flows through the torch. This loss of energy represents an inefficiency of
energy transfer to the base metal. With the consumable electrode processes, the heat
generated at the electrode is transferred directly to the base metal when the electrode is
deposited as weld metal. In addition, the continuously fed electrode permits the use of
higher currents. With PAW and GTAW, current levels are relatively low to avoid over
heating of the stationary electrode. When the electrode is continuously fed, higher current
levels can be used. Since deposition rate increases with increased current, the consumable
electrode processes typically produce higher deposition rates. However, the high wire feed
speeds which are required at high deposition rates often lead to thick overlay coatings and
relatively high dilution.
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2.1.2.2 Submerged Arc Welding (SAW)
A schematic of the SAW process is shown in Figure 5 (Ref. 4). As with GMAW, an
arc is maintained between a continuously fed electrode and the work piece. However, the
wire diameters used with this processes are much larger (1.5 to 3.3 rom). The larger wire
diameters permit the use of higher currents which can range from approximately 600 -
1500 amperes. Shielding of the molten pool is provided by a blanket of flux which
completely covers the arc and liquid pool. No shielding gas is used with the process.
The large electrode diameters and high currents produce deposition rates which are
the highest of all the arc welding processes. This advantage makes the process very
attractive for surfacing applications. However, as previously noted, the high currents also
produce high dilution rates, and these two processing properties must be carefully
balanced in any surfacing application.
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2.2 WELDING PROCESS PARAMETERS
There is a large number of processing parameters which must be considered when
attempting to optimize welding processes for surfacing applications. The objective of this
section is to provide a qualitative description of each processing parameter which may be
important with regards to surfacing. The possible effects of variations in each parameter
will also be briefly introduced. A list of the parameters is provided below, and they will
be described in the order which they are listed.
Important Processing Parameters for Surfacing Applications:
All Processes:
1. Voltage Across Arc
2. Current Through Arc
3. Current Polarity
4. Current Pulsing Parameters
5. Travel Speed of Heat Source
6. Shielding Gas Type (except SAW)
Consumable Processes:
7. Filler Metal Feed Rate
8. Electrode Diameter
9. Electrode Extension ("Stick-Out" Length)
Gas Tungsten Arc Welding
10. Electrode Tip Angle (Vertex Angle)
Plasma Arc Welding
11. Plasma Gas Flow Rate
Figure 6a shows a schematic illustration of a welding arc and electrode. The electrode
could be a consumable or non-consumable type, the general description is the same. The
presence of the arc completes the electric circuit from the power source to the base plate.
A potential drop (voltage) is established across the arc in order to drive current through
12
the arc. The voltage drop is actually a measure of two quantities: the voltage drop across
the electrode and the voltage drop across the arc. The arc voltage can be divided further
into three quantities and will be explained in more detail in the next section. The voltage
in welding specifications and research experiments is often stated as the "arc voltage".
However, this quantity is invariably measured from some location on the electrode to the
base plate. It is very difficult to attach a voltage probe to the extremity of the electrode
to measure just the arc voltage, especially in consumable electrode processes. Therefore,
measured "arc" voltages as reported in the literature actually consist of the arc voltage
plus some portion of the electrode voltage.
Current flows through the arc and is the main source of heat to the base plate. The
current essentially represents the flow of electrons across the arc. The electrons carry
potential, thermal, and kinetic energy. These three forms of energy are given up as heat
when the electrons impact the base plate (or electrode, depending on current polarity).
Therefore, the current through the arc controls the intensity of the heat source and is
usually the most influential processing parameter. Considering that current is always
conserved, it can be seen that the current magnitude is constant at any point along the arc
and the electrode.
The direction of current flow is determined by the polarity. With Direct Current
Electrode Negative (DCEN), the electrode serves as the cathode and emits electrons which
are accelerated to the base plate under the influence of the arc voltage. This is illustrated
in Figure 6a. With Direct Current Electrode Positive (DCEP), the base plate emits
electrons which are driven to the electrode.
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Modern equipment is now available which permits precise control over the current
as a function of time. This has led to the concept of current pulsing. Current pulsing is
contrasted with constant current in Figure 6b. With the constant mode there is no change
in current with time. In the pulsing mode, the current can vary with time between a peak
current ~) and background current (1.,). The time at each current level can also be
controlled (~ and 11,). The average current, lav' is given by the weighted average of the
peak and background current
(1)
The duty cycle, the fraction of time spent at the peak current, is also an important
parameter and is given by
ID.C. =
This technique was designed in order to lower the overall heat input required to
achieve a certain depth of melting into the base metal. For example, with a peak current
of 200 amperes and a background of 50 amperes, and with the peak and background
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times each set to 1 second, the average current would be 125 amperes. The short time at
the high current level pennits an increase in the depth of melting into the base plate
which would generally not have been possible with a constant current of 125 amperes.
a ) ::LEC'I'RODE
,
Electrode Power=I-R ElectrodeVoltage Drop, Ve
b)
Arc Power=IVa
CONSTANT
CURRENT
SUBSTRATE
PULSED
CURRENT
a.
Current Current
time
Ip
time
tb
c)
Figure 6. a) Schematic illustration of a welding arc operated with Direct Current Reverse
Polarity. b) Comparison of constant current and pulsed current modes. c) Schematic
illustration defming the vertex angle of the tungsten electrode in the GTAW process.
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However, the amount of heat induced into the plate is the same in each case. Thus, a
greater depth of melting can be achieved with no increase in the nominal heat input. This
technique can be useful when attempting to achieve a given depth of melting on materials
with a specified upper limit of heat input. It has also been stated., in numerous
investigations that current pulsing tends to increase the melting efficiency of a given
process.
The travel speed of the heat source will also affect the amount of heat energy
delivered to the base plate. The travel speed is simply defined as the velocity of the heat
source as it traverses the substrate. For a given amount of power generated at the arc (Le.,
product of welding voltage and current, in watts), the total quantity of heat energy
delivered to the base plate will decrease as the welding speed increases. The travel speed
of the heat source can also affect the amount of heat which is lost by conduction from
the molten weld puddle to the surrounding base plate. Together, the voltage, current, and
travel speed determine the total amount of heat energy generated by the arc per unit
length of weld metal. These three parameters are commonly recognized as the most
critical in any welding process.
As noted in the last section, many processes use an inert shielding gas to protect the
molten weld pool from atmospheric gases. During welding, heat can be transferred from
the high temperature arc to the base plate by conduction, convection, and radiation. All
of these heat transfer mechanisms will take place through the inert gas environment and
will be affected by the thermal properties of the specific shielding gas utilized. Therefore,
the shielding gas type is often thought to be an important parameter which affects the
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perfonnance of the surfacing process.
In consumable electrode processes, the fIller metal carries a current and maintains a
voltage drop across its length. The flow of current through the electrode will induce
resistive heating which can strongly affect the deposition rate of the process. Since
resistance will be affected by the size of the conductor, the physical dimensions of the
electrode are important parameters to consider. The electrode stick-out length is the
distance of the electrode which extends past the contact tip (see Figure 6). This distance
represents the total length of electrode which carries a current. The electrode diameter
will be important because it will obviously determine the cross sectional area which
carries the current The filler metal feed rate (or feed speed) is simply the rate of
advance of fl1ler metal into the weld pool. In general, the wire feed speed will determine
how much filler metal is added per unit time (deposition rate), and this value can be
significantly altered by the physical dimensions of the electrode due to resistive heating.
With GTAW, a non-consumable tungsten electrode is used and the process is most
commonly used with DCEN polarity. In this case, current is produced when the electrode
emits electrons from its surface. The current density of the arc, which is the current
divided by the cross sectional area of the are, will be strongly affected by the distribution
of electrons emerging from the tip of the electrode. The distribution will vary with
changes in electrode tip angle. The current density can have an affect on the properties
of the surfacing process. As a result, the tungsten tip geometry should be considered in
surfacing applications. The tungsten tip geometry is defined as the vertex angle at the tip
as shown in Figure 6c.
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Lastly, the plasma gas flow rate is an important parameter in the PAW process. This
parameter is defined as the volumetric flow rate of the gas as it exits from the torch
assembly. The type of plasma gas used will be important for reasons already mentioned.
The rate of flow can affect the depth of melting into the base metal which will, in turn, .
affect the dilution of a weld overlay. The effect of these processing parameters on arc
efficiency, melting efficiency, deposition rate, dilution, and coating thickness will be
discussed in the next section.
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2.3 EFFECT OF PROCESSING PARAMETERS ON PROCESS PERFORMANCE
2.3.1 Arc Efficiency
During welding, the base metal is subjected to peak temperatures which are at least
as high as the melting temperature of the material. The properties of the weld and
adjacent heat affected zone (HAZ) (e.g., mechanical behavior and corrosion resistance)
will depend strongly on the thermal history as dictated by the heat input In fact,
analytical heat flow equations which are used to predict the temperature distribution in
the weld and HAZ require that the heat input to the work piece is known. Therefore, a
quantitative knowledge of the heat energy induced into a material is important for
estimating the extent of metallurgical changes which will occur during surfacing.
The heat generated by arc welding processes per unit length of weld is given by
where V is the voltage drop across the electrode and arc in volts, I is the current through
the arc in amperes, and S is the travel speed of the heat source in mls. As previously
mentioned, V is often referred to as the arc voltage. However, because the actual arc
voltage is very difficult to measure in practice, this quantity actually refers to the voltage
drop across the arc plus the voltage drop which occurs across the electrode from the
contact point of the volt meter probe to the tip of the electrode. The units of equation (3)
are then Jim, which is a measure of the amount of heat energy generated at the arc per
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length of weld. In some discussions it is also useful to consider the rate of energy transfer
of the arc, Le., the arc power. This term is simply given as VI and the units are lis
(Watts).
Equation (3) is often used to calculate the quantity of heat induced into a substrate
during welding or surfacing. However, not all of the heat generated by the process is
transferred directly to the substrate and weld deposit. Some of the heat is lost to the
surroundings, and this represents an inefficiency of the process. To accurately determine
the heat input to the material the arc efficiency factor, lla' must be known. The arc
efficiency factor is given as
TJ
a
= Energy Transferred into Work Piece (4)
Energy Generated by Arc
lla is always less than unity. The arc efficiency factor is usually obtained by
measuring the amount of heat transferred to the work piece by calorimetric methods. The
heat generated by the arc is then calculated by equation (3), and equation (4) is used to
calculate lla' The actual heat induced to the work piece during welding or surfacing can
then be determined by
= TJaVI
S
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where Hw is the heat induced to the work piece. In this discussion, the quantity of heat
given by equation (3) will be termed the heat output while that given by equation (5) will
be denoted as the heat input. In selecting a welding process for surfacing applications, it
is always desirable to select a process and to set the processing parameters to achieve a
high arc efficiency factor. For a given level of heat output, higher arc efficiencies will
pennit higher travel speeds and deposition rates. By inspection of equation (5), when lla
is low, the travel speed must be decreased in order to supply a given quantity of heat
which is required for melting. In addition, knowledge of the arc efficiency factor is
required in order to calculate the melting efficiency of the process. Factors effecting the
arc efficiency are discussed below.
2.3.1.1 Factors Affecting Arc Efficiency
The arc efficiency is a function of the type of welding process. It can also vary for
a given welding process due to changes in processing parameters. Table 1 lists some of
the reported arc efficiency factors for the various welding processes under consideration.
First consider the effect of the type of welding process on the arc efficiency factor.
Table 1. Typical arc efficiency factors for various welding processes
Welding Process Arc Efficiency Reference
Gas Tungsten Arc Welding 0.65 - 0.85 6,7
Plasma Arc Welding 0.50 - 0.80 6
Gas Metal Arc Welding 0.75 - 0.89 8
Submerged Arc Welding 0.90 - 0.99 9
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It is generally reported that the maximum obtainable arc efficiency factor of the non-
consumable processes (OTAW and PAW) is lower than the consumable electrode
processes (OMAW and SAW) (Ref. 10). The reason for this can be understood by
examining the generation and transfer of power at the el ctrode and the arc (Figure 6).
The power generated in the electr de is due to resistive heating and is given by
IP, " ]2R
where I is the current through the electrode and R is the resistance of the electrode which
is given by pL/Af • Here p is the resistivity of the electrode material, L is the stick-out
length of the electrode (see Figure 6), and Af is the cross sectional area of the electrode.
The power at the electrode is then given by
Equation (7) indicates that the power generated at the electrode can be controlled by
the stick-out length of the electrode and the electrode diameter (cross sectional area).
These quantities are important variables of the process which can be used to control the
deposition rate in consumable electrode processes and will be discussed further in section
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2.3.4.
The power generated at the arc is simply given by
IPMe = IV"" (8) I
where I is again the current and Vare is the voltage across the arc.
In consumable electrode processes, power is delivered to the work piece from
electrode resistive heating (equation (7)) and from the arc power (equation (8)). However,
in non-consumable processes, the electrode and its resistive power are not deposited into
the work piece to become part of the weld. Instead, this resistive power term is carried
away as heat by the cooling water which flows through the torch. Thus, the arc efficiency
of the non-consumable processes is generally thought to be lower than that of the
consumable processes due to the loss of power at the electrode.
There is also a difference of arc efficiencies between the two consumable electrode
processes, SAW and GMAW. From Table 1 it is observed that the arc efficiency of the
SAW is very high. This has been attributed to the insulating action of the flux which
completely surrounds the weld pool and prevents the loss of arc power to the atmosphere
(Ref. 10).
The second factor which will affect arc efficiency is the processing variables. As
shown in Table 1, there is a range of arc efficiencies, and this range is caused by a
variation in processing variables which were used to generate the data. Obviously, a true
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comparison of arc efficiency factors between processes can only be made after each
process has been optimized for a particular application. However, no such comparison has
been made for surfacing. The relevant information available in the open literature is
outlined below. Some fundamental considerations of power transfer through a welding arc
will fIrst be presented. Next, experimental results which show the effect of processing
variables on arc effIciency will be considered.
The effIciency of the arc in transferring heat to the work piece depends on the
individual mechanisms of heat transfer within the arc. Before considering mechanisms of
heat transfer, it is useful to consider the characteristics of the welding arc. A schematic
of the welding arc which shows the variation in voltage with distance (i.e., arc length) is
shown in Figure 7 (Ref. 11). The arc can be divided into fIve structural regions:
1. The cathode spot
2. The cathode drop zone
3. The arc column
4. The anode drop zone
5. The anode spot
The cathode spot is the region of the electrode which emits electrons via thennionic
emission. The cathode drop is characterized by a sharp change in potential of
approximately 8 V over 0.1 to 0.01 cm (Ref. 11). At the cathode spot, the temperature
is relatively low, less than the melting point of tungsten in the case of GTAW (""3680 K).
In order for current to be conducted across the arc, the shielding gas must be ionized. The
relatively low temperature near the cathode spot is not high enough for suffIcient thermal
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ionization. Thus, the large electric field (=80-800 V/cm) is required to ionize the shielding
gas so that the gas is capable of carrying a current through the arc. In the arc column the
temperature will rise substantially to =7,000 K for an argon arc (Ref. 12). At these high
temperatures, the gas is thermally ionized and the voltage drop decreases as a result (i.e.,
a strong voltage drop is no longer required to ionize the gas). The voltage drop in the
column is typically 5-50 V/cm (Ref. 11).
Near the anode, the temperature decreases to slightly above the melting point of the
work piece (e.g., =2400 K for iron) and the voltage drop is again large at 1-3 volts over
an approximate distance of 0.01 cm in the anode drop region. The electrons then give up
their various forms of energy as heat when they enter the anode at the anode spot. The
above description is for GTAW with Direct Current Electrode Negative (DCEN) where
current flows from the electrode to the substrate. When the polarity is switched to Direct
Current Electrode Positive (DCEP), as in GMAW and SAW, the role of the electrode and
substrate reverses.
The various contributions of heating a steel work piece in a gas tungsten arc and
plasma arc were considered by Quiqley et al. (Ref.12) and Metcalfe and Quiqley (Ref.
13). In each case, heat was generated and transferred to the work piece by effects of
electron flow in the arc, conduction from the arc column, convection from the arc column,
and radiation from the arc column. It was found that the total power transferred to the
work piece could be expressed as
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Figure 7. Schematic illustration of a welding arc showing the five structural regions and
variation in voltage with distance along the arc.
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P -J. = I(V + ~ kT + <1» + KA dT + pvhA + EOr (9)
WO,-'" a 2e dx
where:
I = Current through the arc, Amperes
Va = Anode voltage drop, Volts
k =Boltsmann's constant, 1.38 x 10-23 J/(atomeK)
T = Temperature of the arc, K
e = Charge of an electron, 1.6 x 10-16 coulombs
3kT/2e = Mean thermal energy of an electron
<I> = Anode work function, Volts
K = Thermal conductivity of the gas, J/(meseK)
A =Cross sectional area of the arc, m2
dT/dx = Temperature gradient in the arc near the anode, KIm
p = Density of the gas, Kg/m3
v = Velocity of the plasma, mls
h =Specific enthalpy of the gas, J/kg
E = Emissivity of the gas
cr =Stefan's constant, 5.7 x 10-8 JI(sem2eK4)
The fIrst term (IVJ is power generated as the electrons acquire kinetic energy of eVa
across the anode potential drop and give up this energy upon impacting the anode. The
second term (3IkT/2e) arises when the electrons give up their thermal energy upon
contacting the work piece. The third term (I<!» corresponds to the potential energy given
up by an electron when it enters the anode. Note that these three contributions are all
associated with electron flow (i.e., current) to the anode. These effects are often grouped
together and denoted as the anode heating contributions. The fInal three terms arise by
various means of heat transfer from the high temperature arc to the substrate. The
KAdT/dx term represents the heat carried by conduction from the arc to the substrate, the
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pvhA tenn is the amount of heat carried by convection, and the e<J"r term represents heat
delivered to the substrate by radiation from the arc.
In an attempt to determine the relative contributions of each power transfer
mechanism to the arc efficiency, Quiqley et al. and Metcalfe and Quigley calculated each
individual tenn of equation (9) by using values reported in the literature for the
dimensions of the arc, the temperatures in the arc, the thermal conductivity of the gas, etc.
A comparison was made between the GTAW and PAW processes. The results are listed
in Table 2.
Table 2. Various contributions of power transfer from a gas tungsten arc and plasma arc
as calculated by Quiqley et al. (Ref. 12) and Metcalfe and Quigley (Ref. 13). Values are
expressed as the percentage of the power transferred to the work piece.
Heating Mechanism GTAW PAW
Work Function 56 17
Electron Thermal Energy 8 5
Electron Kinetic Energy 20 4
Conduction from the arc 9 ---
Convection from the arc 4 45
Radiation from the arc 3 29
TOTAL 100 100
With the GTAW process, 84% of the total power which is finally transferred to the
work piece occurs by anode heating effects. Most of this 84% is transferred by the
potential energy associated with the anode work function. Only 16% of the total heat
transferred is provided by conduction, convection, and radiation from the arc column. The
relatively small contribution from the latter three terms (compared to PAW) arises
because the temperature of the arc and the velocity of the plasma gas within the arc are
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relatively low. The low temperature reduces the radiation and conduction term (note that
radiation heat transfer goes as r), and the low plasma velocity reduces the convection
term. The general results for the GTAW process should be characteristic of the GMAW
and SAW processes except that the power transferred by the consumable electrode (12R)
has not been considered.
In comparison, the convection and radiation contributions from the arc in PAW where
estimated to be 45% and 29%, respectively, of the total power delivered to the work
piece. (Conduction was not considered.) The anode heating effects contributed the
remaining 26%. It was concluded that the increased transfer of power due to convection
and radiation would raise the arc efficiency of PAW over that of the GTAW process by
a factor of about 1.3.
The results of Table 2 suggest that lla for GTAW is controlled primarily by the work
function of the anode and the anode voltage drop. Again, these general trends should be
applicable to GMAW and SAW. In PAW, the anode work function, the velocity and
thermal properties of the gas, and temperature of the arc should have a major effect on
the arc efficiency factor. The effect of processing parameters as revealed through
experimental results will now be considered.
Fuerschbach and Knorovsky (Ref. 6) recently evaluated the arc efficiencies of the
GTAW and PAW processes as a function of arc current, current pulsing parameters, and
travel speed. A calorimetric technique was used to measure lla with a reported accuracy
of 1%. Figure 8 shows a comparison of the arc efficiencies of the two processes as a
function of travel speed for two different substrates (anodes). Variations in travel speed
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were achieved at a fixed power output by keeping the current to travel speed ratio
constant (see equation (3)). Voltage was held constant for all conditions. Therefore,
increased travel speeds also correspond to increased current levels.
Under all conditions, the GTAW exhibits higher arc efficiencies than the PAW
process. This is not in agreement with the theoretical prediction made by Metcalfe and
Quigley. They claimed that the PAW should exhi~it higher arc efficiencies due to
increased power transfer by convection and radiation from the arc column. Also note that
the GTAW arc efficiency is not very sensitive to changes in travel speed and current
while the PAW arc efficiency increases at high currents and travel speeds.
First consider the arc efficiencies reported in Figure 8 for the GTAW process. The
arc efficiency shows little variation with current and travel speed. Values between the two
anode materials (304 stainless steel and Ni200) are also indistinguishable. It was also
shown that arc efficiency did not vary with duty cycle when pulsed GTAW was
evaluated. These observations are not surprising in view of the results presented in Table
2. For GTAW, the arc efficiency depends primarily on the anode work function and the
anode potential drop. For a given material, neither of these factors will vary with current
or travel speed. Although one might expect differences between anode materials due to
differences in the work function, the work function of these two alloys are very similar
(::::4.5 eV, Ref. 14). Therefore, the arc efficiency should not depend significantly on travel
speed or current for a given material. In addition, since there is not a large difference in
the work function of many structural materials (Ref. 14), the arc efficiency should not be
greatly affected by changes in anode material. These observations have been confmned
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by Smartt et al. (Ref. 7). They evaluated the arc efficiency of GTAW as a function of
current, voltage, and anode material. Arc efficiency deviated only slightly about a nominal
value of ==0.75 for variations in current from 50 to 250 amperes. Variations in anode
material were evaluated by using stainless steel, carbon steel, copper, aluminum, and tin.
Again, arc efficiency was relatively constant at approximately 0.77 for a given current.
Alurriinum had a slightly higher value (<=0.86) and tin had a slightly lower value (:::: 0.74).
This difference was attributed to the small differences in work function.
Smartt et al. did notice a slight decrease in arc efficiency with increasing voltage. The
efficiency decreased smoothly from about 0.80 at 9 V to slightly less than 0.70 at 14 V.
However, the increase in arc voltage was accomplished by increasing the arc length
(Figure 6). Therefore, the observed decrease in arc efficiency may actually be attributed
to the increased arc length, not the increase in voltage. Kou and Lu (Ref. 15) observed
a similar trend, and the results are shown in Figure 9. The arc efficiency decreased when
the arc length increased. However,arc efficiency remained constant for a change in arc
voltage as long as the arc length was held constant. Kou and Lu attributed the decrease
in l1a with increased arc length to losses from the arc column (i.e., convection, radiation,
and conduction). With a long arc length, a larger portion of the arc will be exposed to the
atmosphere and arc column losses are more probable. This behavior supports the results
in Table 2: the arc column contributes only a small fraction of the total power delivered
to the anode. If the arc column supplied a large portion of the total power, then arc
efficiency should decrease sharply with an increase in arc length. The arc efficiency
values for GMAWand SAWin Table 1 show a similar phenomenon. The GMAW
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process exhibits slightly lower arc efficiencies due to losses from the arc column that are
greatly reduced with the SAW process because of the flux blanket. Since the difference
between the processes is small, power from the arc column probably does not playa
major role.
The effect of shielding gas on arc efficiency in the GTAW process was investigated
by Niles and Jackson (Ref. 16). Arc efficiency was detennined for both argon and helium
shielding, and there was no significant difference between the shielding gases. Inspection
of equation (9) indicates that the shielding gas should primarily affect the conduction,
convection, and radiation contributions of power transfer from the arc column. Conduction
is controlled by the thennal conductivity of the gas, convection is controlled by the
density, velocity, and specific enthalpy of the gas, and radiation is controlled by the
emissivity of the gas. Again, since these three contributions are thought to playa minor
role in power transfer in the GTAW process, arc efficiency is basically independent of
shielding gas.
Returning to Figure 8, it is observed that the PAW arc efficiencies are consistently
lower than those of the GTAW process. Metcalfe and Quigley have indicated that the
PAW arc efficiency should be higher than the GTAW process because the higher arc
temperature and plasma velocity should increase heat transfer from the arc by radiation
and convection. Fuerschbach and Knorovsky point out that the anomalous decreases in
arc efficiency is caused by losses to the orifice body of the PAW torch which is generally
not considered as part of a power balance argument As shown by Figure 2, the GTAW
contains no such orifice body and this heat loss will not occur. This claim is supported
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by the variation in arc efficiency with travel speed exhibited in Figure 8.
At low travel speeds and currents a small orifice diameter was used to optimize arc
constriction. The small orifice diameter had a high swface area to volume ratio which
increased the amount of heat absorbed by the orifice body and, consequently, decreased
the total amount of power which could be delivered to the work piece. At higher currents,
a larger orifice body was used with a smaller swface area. This reduced heat losses and
increased the arc efficiency as shown in Figure 8. In fact, the orifice body actually melted
in one case, providing a strong indication of the large amount of heat absorbed by the
body. When heat losses to the nozzle were minimized, the arc efficiencies between the
processes were similar. Thus, arc efficiency of the PAW process is strongly affected by
heat losses to the orifice body, and these losses must be minimized in order to obtain high
arc efficiencies. This example illustrates the need for optimizing parameters before
attempting to use a process for swfacing large parts.
Experimental results which show the effect of other parameters on the arc efficiency
of the PAW process are not available in the open literature. Obviously, the effect of other
parameters can only be evaluated when heat losses to the orifice body have been
minimized. From the results of Table 2, one would anticipate that the thermal properties
and velocity of the plasma gas would affect the arc efficiency. This area requires further
investigation.
Smartt et al. evaluated the effect of processing variables on arc efficiency for the
GMAW process (Ref. 8). Parameters evaluated included electrode feed speed, voltage, and
electrode stick-out length. It should be noted that, with consumable electrode processes,
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increased filler metal feed rate corresponds to increased current. In agreement with
previous investigations, the arc efficiency was found to decrease with increasing arc
voltage. As with the GTAW process, this actually occurs because the increased arc
voltage expands the arc length. The results are shown in Figure 10 where arc efficiency
is plotted as a function of wire feed speed for three different levels of voltage. It can also
be seen that arc efficiency increases with increasing filler metal feed rate. The possible
causes of this were not explored by the authors. It seems likely that, at higher feed rates,
the wire will loose less resistive heat since it will spend less time exposed to the
atmosphere. This may account for the increased arc efficiency.
Figure 11 shows the effect of stick out length (CT). Increased stick-out length
increases arc efficiency. Again, the authors made no attempt to explain this data. The
increased resistive heating which occurs with long stick-out lengths may account for this
increase in power delivered to the substrate.
As with GTAW, the arc efficiency is not strongly affected by processing variables.
The values usually range between 0.83 - 0.89. As predicted, these values are slightly
higher than the non-consumable processes. There was no data available in the literature
which revealed the effect of SAW processing parameters on arc efficiency. In general,
one would expect similar trends exhibited by the GMAW process.
In summary, the arc efficiency appears to depend primarily on the specific process.
Non-consumable processes generally possess lower arc efficiencies than the consumable
processes due to the loss of power at the electrode. The non-consumable processes exhibit
arc efficiencies which are near a range of 0.65 - 0.85. These values can be obtained for
35
the PAW process only when losses to the orifice body are minimized. The GMAW
process shows efficiencies in the range of 0.75 - 0.89. In SAW, the efficiency is increased
further to 0.90 - 0.99 due to reduction of heating losses from the arc column. Achieving
the maximum obtainable efficiency for a given process requires optimization of the
parameters.
With GTAW, efficiency can be maximized on a given substrate (anode) by keeping
arc column losses to a minimum with the use of small arc lengths. Other variables have
very little effect. As mentioned, high arc efficiencies in PAW will only be obtained by
reducing losses to the orifice body. If this can be accomplished, a further increase in lla
should be possible due to increased convection and radiation from the high temperature
plasma. This area requires further investigation. As with GTAW, arc efficiency of the
GMAW process can apparently be maximized by minimizing arc column losses. Long
stick-outs and high wire feed speeds also promote high arc efficiencies. Variables
affecting arc efficiency of the SAW process do not appear to be well established. It seems
likely that the effect of SAW parameters will be similar to GMAW paraFigure 10.
Variation in arc efficiency with arc voltage (arc length) and wire feed speed with the
GMAW process.
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2.3.2 Melting Efficiency
In the last section it was indicated that not all of the heat generated at the arc is
transferred to the work piece. The heat delivered to the work piece is always less than the
heat generated by the process. The sole objective of the heat finally delivered to the work
piece is to induce melting of the filler metal and base metal. However, not all of the heat
which is delivered to the base metal is used for melting, and this represents the second
inefficiency of the welding process. The complete heat balance is illustrated schematically
in Figure 12 (Ref. 16) and can be written as follows:
HEATarc + electrode = HEATlasses + HEATmelt + HEATbase plate (10)
Here, the term HEATarc + electrode is the heat energy generated at the electrode and are,
HEATlosses represents the heat energy lost to the surroundings which is quantified through
the arc efficiency factor, HEATmelt is the heat energy utilized for melting, and HEATbase
plate accounts for the formation of the heat affected zone and warming of the base plate
outside of the heat affected zone. The melting efficiency is a measure of how well a
process can utilize the heat absorbed to the plate for melting. The melting efficiency, 11m'
is given by equation (11).
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Figure 12. Distribution of heat energy from a welding arc. Some of the heat is lost to the
surroundings, a portion is used for melting, and the remainder causes metallurgical
changes in the HAZ and plate warming.
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(11)
The heat required for melting will consist of the heat required to raise the material
to its melting temperature and then melt it. This quantity is given as
(12) I
where Cp(T) is the specific heat as a function of temperature (Jlm3-K), ~f is the latent
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heat of fusion (J/m3) , and v is the total volume of weld metal and substrate which is
melted (m3). The integral of Cp(T)dT is conducted from room temperature to the melting
temperature. Tabulated values of equation (12) for various alloys are readily available.
From equation (5), the heat delivered to the work piece for a given time is given as
(Sa)
Therefore, the melting efficiency is determined by
fCp(1)dT v + 8Hf v
TJ aVIt
(13)
From equation (13), determination of the melting efficiency requires the arc efficiency
to be known.
Because metals are good thermal conductors, a large portion of heat absorbed by the
work piece can be lost to the base metal adjacent to the weld. Any heat lost to the base
metal will alter mechanical and corrosion properties, usually in an unfavorable way. For
example, steel structures will form untempered martensite in the heat affected zone which
produces a localized decrease in toughness. Aluminum structures will suffer grain growth
with a concomitant decrease in strength. Alloys strengthened by precipitation hardening
will experience coarsening and will also loose strength. In addition, the greater the heat
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loss to the base plate, the slower the process must travel to melt and deposit a given area
of weld overlay coating. Therefore, it is critical that processes considered for surfacing
applications are optimized so that heat losses to the surrounding base plate are kept to a
minimum. The factors effecting melting efficiency are outlined below.
2.3.2.1 Factors Effecting Melting Efficiency
Wells (Ref. 17) examined the analytical heat flow equations for welding developed
by Rosenthal (Ref. 18) in order to determine the factors effecting melting efficiency. He
arrived at equation for melting efficiency of the form
TJ m,2d
1
2
5Sdj4a + 2
(14)
where S is the travel speed of the heat source (crn/s) , d is the width of the molten pool
(cm), and a is the thermal diffusivity of the work piece (cm2/s). This equation is valid
only when 0.1 < Sd/4a < 00, which covers a wide range of materials and travel speeds.
For example, a of stainless steel is 0.041 cm2/sec., S is typically:::::: 2 crn/sec, and d is
typically:::::: 1 cm. Therefore, Sd/4a = 12 and equation (14) is valid. Equation (14) was
developed for two dimensional heat flow conditions where heat can escape into the base
plate from two directions. The solution is different for three dimensional heat flow. These
two conditions are compared in Figure 13 (Ref. 19).
The heat flow condition is determined by the relative magnitudes of the depth of the
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weld to the plate thickness. If the weld depth is on the order of the plate thickness, then
the heat flow is two dimensional. The melting efficiency will generally be lower under
three dimensional heat flow conditions because the base plate forms a larger heat sink and
can draw more heat away from the weld area. Melting efficiency in the three dimensional
case was considered by Okada (Ref. 20) and is given by
"m,3D
\
\
/ \
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/
1
2.7 [1 + (1 + 2.6 )lJ1
2 (Sd/2a)2
(15)
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Figure 13. Schematic illustration showing the differences in three dimensional (top) and
two dimensional (bottom) heat flow conditions.
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The important conclusion from equations (14) and (15) is that, for a given weld width,
the melting efficiency depends mainly on the thermal diffusivity of the material and the
travel speed of the heat source. It is basically independent of the type of heat source (e.g.,
laser versus arc). In general, when the thermal diffusivity is low, heat will not travel
rapidly from the weld pool and the melting efficiency is high. When the travel speed of
the heat source is high, the material is quickly melted and solidified with little time
permitted for heat flow from the weld pool. Wells has indicated that the melting
efficiency will be a maximum when the ratio of S/u is large. In this case, a maximum
theoretical melting efficiency of 0.48 is predicted for two dimensional heat flow
conditions. Swift-Hook and Gick (Ref. 9) have reported a theoretical maximum melting
efficiency of 0.37 for the three dimensional case of heat flow.
It should be noted that, in practice, the travel speed of the heat source cannot be
increased independently of other processing variables in an attempt to maximize the
melting efficiency. From equation (5), an increase in travel speed alone would result in
a decrease in the available heat input to the substrate and concomitant decreases the
volume of material which could be melted per unit time. Recall that a given volume of
metal, v, must absorb the quantity of heat shown in equation (12) before it can melt. In
effect, this lowers the deposition rate of the process, which is undesirable in terms of
surfacing applications. However, if both the current and travel speed are increased so that
the liS ratio is constant, the melting efficiency can be maximized without a decrease in
deposition rate. In fact, the deposition rate will be increased compared to liS ratios which
utilize a low travel speed due to the increase in melting efficiency. This has been verified
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experimentally and is reviewed below.
Figure 14 (Ref. 6) shows melting efficiency as a function of travel speed for welds
on 304 austenitic stainless steel (a = 0.041 cm2/sec) and the nickel alloy Ni200 (a =
0.220 cm2/sec ) deposited by the GTAW and PAW processes. The ratio of IIS is kept
constant so that travel speed could be increased while keeping the level of heat output
constant.
The results are In good qualitative agreement with equation (14). The melting
efficiency increases rapidly as the travel speed increases. Again, this occurs because the
instantaneous power delivered by the arc (IV) is increased which produces high melting
rate and permits faster travel speeds. In this condition, there is little time for heat to be
conducted away from the liquid weld pool and the melting efficiency is high. The effect
of thermal diffusivity is also demonstrated. Because Ni200 has a higher thermal
diffusivity than 304 SS, the transport of heat from the weld pool is faster and the melting
efficiency is decreased. Lastly, there is no difference in performance between the two
processes in terms of melting efficiency. This is also in agreement with the theory of
Wells and Okada: melting efficiency is independent of the type of heat source (i.e., arc
or laser or electron beam, etc.). Therefore, the behavior displayed in Figure 14 should be
typical of all welding processes.
It is interesting to note in Figure 14 that the melting efficiency approaches an
asymptotic value of ~0.45 with increased travel speed. This value is very close to the
maximum theoretical value of 0.48 predicted by Wells for two dimensional heat flow.
(The welds used to generate the data in Figure 14 were deposited under two dimensional
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heat flow conditions.) This result has an important implication. It is often stated that laser
welding and electron beam welding can offer substantial reduction in the size of the heat
effected zone and distortion to the substrate because the increased energy density provides
melting efficiencies which are unobtainable with conventional processes (Ref. 21).
However, Figure 14 clearly shows that, when the variables of the process are carefully
optimized, the GTAWand PAW processes can approach the maximum melting efficiency
achievable (::::::0.48). Clearly, any further effort to increase the melting efficiency would
not be justified. Therefore, careful optimization of arc welding processing parameters may
avoid the high capitol and operating costs of the more elaborate high energy density
processes.
0.5
> • •0 0.4 • .• • 8z
.-
0 aW
-
0 fS
-0 0.3 I
- • fSU.
-
U. • 0
W OS
CJ
0.2 l- •
Z I c • PAW304LSSj:
0.1 c - GTAW 3D4LSS
..J 0 PAW NI200W 0
:5 0 c GTAWNI200
0.0
0 1 0 20 30
TRAVEL SPEED (mm/s)
Figure 14. Variation in melting efficiency with travel speed for the GTAWand PAW
processes during welding of 304 austenitic stainless steel and nickel alloy Ni 200.
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The melting efficiency is controlled primarily by travel speed for a given material.
However, increased melting efficiencies at high travel speeds are only useful when the
current can be increased simultaneously. There are several variables which may effect Tlm
by effecting the transfer of current through the arc. These three factors, current pulsing
parameters, shielding gas, and tungsten electrode tip geometry (GTAW only) are
discussed below.
The use of pulsed current has been claimed to have the advantage of increasing
melting efficiency at a fixed average current (Ref. 22). The increase in melting efficiency
is apparently due to the high levels of peak current which increases the power to the base
plate and raises the rate of melting. Any increase in the melting rate should be
accompanied by an increase in melting efficiency.
Figure 15 shows the effect of current pulsing on melting efficiency for welding of 304
SS by the GTAW at two travel speeds (Ref. 6). The heat output and average current were
kept constant. The average current and duty cycle are given by equations (1) and (2).
Since the average current was held constant, low values of duty cycle correspond to high
values of peak current. A duty cycle of 1 represents constant current.
The use of pulsed current has no effect on melting efficiency at the higher travel
speed. When the travel speed is low, the melting efficiency can be increased by using low
duty cycles (i,e, high peak currents). Note that the melting efficiency of the welds
deposited at the higher travel speed are already close to the theoretical maximum. In this
case, further increase in melting efficiency is not possible and pulsing offers no
advantage. When the melting efficiency is not maximized by a high travel speed, pulsing
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can increase the melting efficiency by the use of high peak currents. Therefore, the merit
of pulsing will be determined by the ease of maximizing the melting efficiency for a
given condition. If a material with a high thermal diffusivity is to be surfaced,
maximizing melting efficiency may be difficult and pulsed current may be beneficial.
Maximizing efficiency may also be limited by travel speed considerations. Many high
alloy materials used for corrosion protection will crack during solidification at high travel
speeds. Pulsed current would increase the melting efficiency when low travel speeds are
required. Lastly, the choice of pulsed current must also be considered with respect to
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Figure 15. Effect of current pulsing (duty cycle) on melting efficiency for two travel
speeds using for the GTAW process during welding of 304 austenitic stainless steel.
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other properties of the weld overlay. It is well established that pulsed current increases
penetration into the base metal and produces high dilution rates (Refs. 22,23,24). This is
undesirable in surfacing applications. Therefore, pulsing parameters must be carefully
selected to balance melting efficiency and dilution. Dilution is discussed in more detail
in Section 2.3.3.
Now consider the effects of tungsten electrode tip geometry and shielding gas. In
GTAW electrons are emitted from the surface of the tungsten tip to supply the flow of
current through the arc. The shape of the tungsten tip at the point where the electrons are
emitted can effect current flow through the arc and, as a result, has been shown to effect
the melting efficiency. Although a tungsten electrode is also used in the PAW process,
the behavior of current flow through the arc is dominated by the high velocity shielding
gas and the tungsten tip geometry has no effect. The shape of the tungsten tip geometry
is described by the vertex angle (Figure 6c).
Figure 16 shows the effects of tungsten vertex angle and shielding gas on the melting
efficiency of welds on steel plate deposited by the GTAW process (Ref. 16). The melting
efficiency is observed to increase with an increase in tungsten vertex angle and a change
in shielding gas from argon to helium. It should be noted that the melting efficiency
plotted in Figure 16 was defined as the ratio of the heat required for melting (equation
(12)) to the heat output (equation (3)). Therefore, this definition of melting efficiency may
yield inaccurate trends because it does not account for the changes in arc efficiency.
However, the effects of electrode vertex angle and shielding gas on the melted cross-
sectional area (nugget area) to heat affected zone area ratio is shown in Figure 17 and
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confirms the trend exhibited in Figure 16. Clearly, an increase in melting efficiency is
equivalent to an increase in this ratio because less heat is extracted from the weld pool.
The physical cause of the change in melting efficiency with electrode vertex angle has
not been clearly stated. However, it seems the effect can be related to power density
considerations. Key has evaluated the effects of electrode vertex angle on the shape of
the arc, and the results are shown in Figure 18 (Ref. 25). With small vertex angles, the
arc spreads out and obtains a bell shape. At large vertex angles, the arc is more restricted
and exhibits a columnar shape. It has been experimentally observed that the current
density at the electrode tip is constant for a given current level, regardless of the electrode
vertex angle (Refs. 16,26). Therefore, with a small electrode vertex angle, the electrons
must be emitted from the sides of the conical tip and results in the bell shape. This is
shown in Figure 18 where the arc was photographed for different vertex angles.
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Figure 16. Effects of tungsten vertex angle and shielding gas on the melting efficiency
of welds on steel plate deposited by the GTAW process.
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Figure 17. Effects of electrode vertex angle and shielding gas on the melted cross-
sectional area (nugget area) to heat affected zone area ratio.
By contrast, a flat (180 degree vertex angle) electrode can fulfill current density
requirements by emitting electrons solely from the horizontal surface, and the arc assumes
a columnar distribution as a result. This effect is illustrated schematically in Figure 19.
The rate of heat transfer per unit area (power density) is obviously higher with a larger
vertex angle. The localized increase rate of energy transfer would result in a higher
melting rate and concomitant increase in the melting efficiency. It was observed that a
change in shielding gas from argon to helium caused a further restriction of the arc and,
therefore, an increase in melting efficiency. The cause of arc restriction with a change in
shielding gas is not completely understood.
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Figure 18. Effect of electrode vertex angle on the shape of the welding arc in GTAW.
Small electrode vertex angles promote a bell-shaped arc with a relatively low energy
density.
-Small Vertex Angle-
Wide Arc With Low
Power Density
-Large Vertex Angle-
Constricted Arc With
Higher Power Density
Figure 19. Schematic illustration showing the effect of electrode vertex angle on the shape
of the welding arc in GTAW.
51
In summary, the melting efficiency for a given material is controlled mainly by travel
speed and current, and secondarily by current pulsing parameters, shielding gas, and
electrode tip geometry (GTAW only). In practice, high melting efficiencies can be
achieved at high travel speeds by keeping the current to travel speed ratio constant.
Melting efficiency can be increased by the use of pulsed current with low duty cycles
only when the melting efficiency is not already at or near the maximum theoretical limit.
This situation may occur with materials that possess high thermal diffusivity, or during
the welding of crack sensitive alloys which require slow travel speeds. Lastly, melting
efficiency will increase with an increase in electrode vertex angle and a change in
shielding gas from argon to helium shielding gas due to power density considerations.
Obviously, maximizing melting efficiency with these techniques may only be
advantageous if other processing properties, (arc efficiency, dilution, deposition rate, and
coating thickness) are also favorably affected. Factors affecting dilution in weld overlay
coatings are discussed in the next section.
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2.3.3 Dilution
During the deposition of a weld overlay coating, the base metal and filler metal are
melted and mixed in the liquid state to form a fusion bond. If a large portion of the
substrate is melted and allowed to mix appreciably with the weld overlay, the overall
alloy content of the coating can be significantly reduced and its corrosion resistance will
decrease. This level of mixing is quantified as the dilution ratio and is one of the most
important parameters in a surfacing application. Dilution is given by equation (16) (see
Figure 20). The dilution is simply a measure of the amount of base metal that mixes with
the weld overlay.
As% Dilution = --- X 100
A +AS 0
(16)
A minimum level of alloying elements is often specified for a given surfacing
application to ensure adequate corrosion resistance. Because of dilution, the final
composition of alloying elements will always be less than the initial composition of the
filler metal. Therefore, it is important to control the dilution of a surfacing application in
order to meet specifications for composition. For example, austenitic stainless steels with
18% chromium are commonly deposited onto 2.25Cr-lMo steels for corrosion protection.
lfthe dilution of the surfacing process is 30%, a typical level for GMAW and SAW, the
chromium level of the overlay coating will be reduced to 13% chromium and a substantial
decrease in corrosion resistance can be expected. Any adjustments in processing
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parameters which can reduce dilution will result in an increase in corrosion resistance of
the overlay.
The effects of dilution are often compensated by over-alloying and/or multiple layer
coatings. With the first approach, the initial composition of the filler metal is increased
so that the final overlay will have the desired level of alloying after welding. With the
second approach, two or more layers of coating are applied to achieve the desired final
composition. The level of dilution will decrease with each additional layer. Both of these
approaches are very costly. Therefore, optimizing the processing variables to produce
minimum dilution rates with a single layer coating can provide substantial savings. In
addition, many applications require a thin overlay, in which case only one layer of coating
can be applied. (Obviously, the calculated dilution only provides a bulk chemical
composition of the overlay. The actual composition of the overlay coating will vary with
distance from the substrate/coating interface. Nonetheless, the composition of the coating
at each point will decrease with increasing bulk dilution.) Factors affecting dilution are
discussed below.
2.3.3.1 Factors Affecting Dilution
Rense et al. investigated the effect of welding current on dilution with tubular wire
hardfacing alloys on steel substrates using the GMAW process (known as Flux-Cored Arc
Welding, FCAW), and their results are shown in Figure 21 (Ref. 27). The effect of heat
output is also shown. Although the data shows a decrease in dilution with increasing
current, independent of heat output, this does not appear to be a direct effect. Due to the
54
operating characteristics of consumable electrode power sources, the current cannot be
increased without an increase in wire feed speed. The wire feed speed will cause a
concomitant increase in the deposition rate (see next section). Since the volume of filler
metal added per unit time is equal to the volume of weld overlay added above the
substrate surface per unit time, neglecting the small amount of losses in the form of
spatter:
IAff = A,8 (17) I
or
IA, = Aff (17a) IS
Area of Weld Overlay, Ao
/
Area of Melted Substrate, As SUBSTRATE
Figure 20. Schematic illustration of the cross-section of a weld overlay describing
dilution. Dilution is defined as the ratio of the melted substrate area (As) to the total
melted cross-sectional area (Ao + AJ.
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Figure 21. Effect of welding current on dilution with tubular wire GMAW hardfacing
electrodes on steel substrates (FCAW). The effect of heat output is also shown.
Here Ao is the area of the overlay above the substrate, Af is the cross sectional area
of the filler wire, Sf is the wire feed speed, and S is the travel speed. From equation
(17a), an increase in wire feed speed causes an increase in the cross sectional area of the
weld overlay above the substrate surface and a corresponding decrease in dilution
(equation (16)). Therefore, the effect demonstrated in Figure 21 is probably caused by
increased wire feed speed, not an increase in current. Oh et al. showed a similar effect
for Electroslag Strip Cladding (Ref. 5). It can also be noted from equation (17a) that an
increase in the diameter of the filler wire will decrease dilution.
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Hallen et al. (Ref. 28) investigated the effect of welding current on dilution in PAW
hardfacing weld overlays using powder filler metal deposited on steel substrates. As
shown in Figure 22, for a fixed powder feed rate the dilution increases with increasing
current. This can be rationalized by rearranging equation (13) for the total volume of
melted metal:
v = fCp(1)dT + AHf
(18)
The increased current causes an increase in the energy supplied for melting and a
corresponding increase in the total volume melted. If the powder feed rate, and hence
overlay area, Aa, is held constant, then an increase in the current will promote an increase
in the melted cross sectional area of the substrate and an increase in dilution.
Although the voltage may expect to exhibit an effect similar to current, voltage has
been shown to have little influence on dilution (Ref. 29). As previously noted, there are
three contributions to the total voltage difference from the cathode to the anode: the
cathode drop, the arc drop, and the anode drop. When the voltage is increased at the
welding power source, it is usually expended within the arc column, the anode and
cathode drops remain fairly constant. From equation (9), the power supplied to the
substrate for melting depends only on the anode drop. Therefore, voltage will have little
affect on dilution.
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Figure 22. Effect of welding current on dilution in PAW hardfacing weld overlays using
powder filler metal deposited on steel substrates.
By inspection of equation (l7a), a decrease in travel speed will result in an increase
in the cross sectional area of weld overlay and a corresponding decrease in dilution when
all other variables are held constant (Ref. 30). Although the total heat output provided for
melting increases and may expect to increase dilution (equation (18)), the extra heat
energy IS apparently consumed during melting of the increased weld overlay area.
Similarly, increased travel speed tends to increase dilution. This effect can become
pronounced at high travel speeds because the melting efficiency becomes very high and
causes a further increase in the cross sectional area of melted substrate.
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The current, wire feed speed, and travel speed appear to be the most influential
variables on dilution, and these variables should be optimized in any surfacing
application. For example, a high travel speed is desirable for increased melting efficiency
and productivity. Although high travel speeds increase dilution, this effect could be offset
by an increase in wire feed speed. In addition, the increased wire feed speed will increase
deposition rate. The optimum set of parameters would be one in which a very shallow
layer of substrate could be melted at high speed while depositing a finely controlled
overlay thickness.
Although current, wire feed speed, and travel speed have the most influential effect
on dilution, other parameters can effect dilution to a lesser extent. Lundin and Ruprecht
(Ref. 31) investigated the possible effects of pulsed peak current and plasma gas flow rate
on dilution with the PAW process. Their results are shown in Figure 23 by measuring the
depth of penetration into the base plate, which is similar to measuring the cross sectional
area of melted base plate. Any factor which increases penetration can be expected to
increase dilution as well. As shown, penetration into the base plate increases with
increased gas flow rate and increased peak current. The increased gas flow rate causes a
change in heat flow conditions at the arc as illustrated in Figure 24. When the plasma gas
flow rate is low, the arc impinges directly on the molten puddle and heat must be
conducted through the molten puddle before it can melt the substrate. This heat transfer
mode is relatively inefficient. Much of the heat energy is consumed by heating the liquid
above its melting temperature rather than melting the substrate. In contrast, an increase
in the gas flow rate pushes the molten metal to the back of the weld pool to form a crater,
59
and the arc impinges directly on the substrate. In this case, heat energy is supplied
directly to the substrate and the depth of melting increases as a result.
The increase in penetration with increased peak current causes an increase in melting
efficiency as explained in section 2.3.2. In this case, more heat energy is used for melting
(i.e., less heat is lost to the base plate) and the depth of melting increases. In fact, each
effect (flow rate and peak current) can be fundamentally explained by an increase in the
melting efficiency.
The shielding gas medium has also been reported to have a small effect on dilution.
For example, dilution is usually higher when helium shielding gas is used compared to
argon (Ref. 30). This occurs due to the higher thermal conductivity of helium. A shielding
medium with higher thermal conductivity is more efficient in transferring arc energy to
the base plate. This heat flow condition increases penetration an hence dilution.
Lastly, electrode extension in consumable electrode processes can affect dilution. As
explained in the next section, the deposition rate increases with increased electrode
extension, and this occurs without the need for increasing the arc energy. The end result
is an increase in the cross sectional area of overlay above the substrate with little or no
increase in the area of substrate melted. As such, the dilution will decrease with
increasing electrode extension (Ref. 30).
Although the general effects of processing parameters on dilution are known, there
has been no experimental work conducted to quantify these effects so that dilution can
be estimated prior to performing a surfacing application. Any method which could permit
calculation of dilution from the welding parameters would be very valuable as it would
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largely reduce the number of test welds required during procedure development. In order
to calculate dilution, the area of deposited overlay above the substrate and the area of
melted substrate must be known. The cross sectional area of weld overlay above the
substrate is given by equation (17a) and is fairly easy to calculate. However, in order to
calculate the cross sectional area of the melted substrate, the arc efficiency and melting
efficiency must be known and used with equation (18) (noting that v =(Ao + As)l, where
I =weld length). In addition, the manner in which these efficiency factors vary with
changes in parameters must also be known. Little work has been conducted in applying
efficiency factors to surfacing applications, and it is this problem which appears to have
precluded quantification of the dilution ratio. If the variation in efficiency factors with
welding parameters could be predicted, then equation (17a) and (18) may facilitate
calculations of dilution. This concept requires further attention.
In summary, dilution is affected mainly by current, wire feed speed, and travel speed.
Dilution increases with increased current and travel speed and decreased wire feed speed
when other variables are held constant. Dilution will also increase with increased wire
diameter. Dilution is affected to a lesser extent by pulsing parameters, shielding gas
medium, electrode extension (consumable electrode processes) and plasma gas flow rate
(PAW process).
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Figure 24. Effect of plasma gas flow rate on penetration with the PAW process. Increased
gas flow rates will push the molten puddle to the back of the weld pool to form a crater.
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2.3.4 Deposition Rate
The deposition rate is a measure of how much metal can be deposited per unit time.
Deposition rate and dilution are the two most important factors in a surfacing application.
However, as discussed in the last section, deposition rate will be effected by the melting
efficiency of the process. Thus, the two measures of process performance can not be
considered separately. High deposition rates are obviously desired for economic reasons
when surfacing large parts. Factors effecting deposition rate are discussed below.
2.3.4.1 Factors Affecting Deposition Rate
Factors affecting deposition rate will vary depending on whether a consumable or
non-consumable electrode process is used. In non-consumable processes, there is no flow
of current through the filler wire. The heat required to melt the filler wire is obtained
predominately from the heat of the liquid weld pool. A small portion may be obtained by
radiation from the arc column. The deposition rate in weight per unit time is simply given
by
(19) I
where D.R. is the deposition rate in weight per unit time, p is the density of the filler
wire, and Af and Sf are as previously defined. The parameters of the process must be set
so that the heat supplied is sufficient to melt the volumetric flow rate (ArSf) of filler wire
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for a given material. In general, an increase in the volumetric flow rate of filler wire will
draw more heat from the liquid weld pool of the substrate. This can be explained by
considering a power balance at the arc. The power delivered by the arc for melting is
given by
IPmel, = ~a~"'VI (20) I
where 11a and 11m are the arc efficiency and melting efficiency, V is the voltage, and I is
the current. The power required to melt a volumetric flow rate of filler metal (ArSf)is
given by
(21) I
Where the specific heat and the latent heat of fusion are that of the filler metal. The
power required for the volumetric melting rate of the substrate is given by
IP, = A,8CfCp(1)dT + aHA_ore (22) I
Here, As is the melted cross sectional area of the substrate and S is the travel speed
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of the heat source. The specific heat and latent heat of fusion are that of the substrate.
Since all the power must be accounted for
Therefore, for a given power delivered for melting (llallmVI fixed), an increase in the
volumetric flow rate of filler metal (A~f) will draw more heat from the substrate and
result in a smaller cross sectional area of melted substrate, As. Note that the thermal
properties of the filler metal and substrate can also be important. A high volumetric flow
rate is obviously desirable in terms of deposition rate. In addition, a decrease in As will
decrease the dilution, which is also desirable. However, if the volumetric flow rate is too
high then the substrate will not fuse properly with the filler metal and a defect known as
lack of fusion will result. Therefore, an optimization study for surfacing with non-
consumable processes should attempt to maximize the filler metal feed rate which can be
obtained for a given level of melting power.
In non-consumable electrode processes there is no flow of current through the filler
wire. In consumable electrode processes the filler metal and power are coupled. As a
result, the deposition rate is affected by other factors not yet considered. Because the filler
wire carries a current, it will be heated by resistive power. In addition, the consumable
electrode processes typically use Direct Current Electrode Positive (DCEP). The DCEP
polarity is required to provide smooth arc characteristics. In this situation, electrons are
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accelerated towards the tip of the filler metal rather than towards the substrate. The
electrode is now the anode and the first three power terms of equation (9) are delivered
to the filler metal for melting. Thus, the filler metal deposition rate will be controlled by
the current, the anode (electrode) voltage drop, the electrode work function, and any
factors which affect the resistance of the electrode. The role of each of these factors in
determining the overall deposition rate in consumable processes are examined below.
Figure 25 shows the deposition rate as a function of electrode extension and current
for steel filler wire deposited by the GMAW process (Ref. 32). The deposition rate
increases with increasing electrode extension and current. Since the lines for different
current settings are not parallel, there is an interaction between current and electrode
extension. The increase in deposition rate with increased electrode extension is due to
resistive heating. As previously noted, the resistive power term in a wire of resistance,
R, which carries a current, I, is simply 12R. The resistance of the wire depends on its
length, L, cross sectional area, Af , and resistivity, p, by pLlAf • The resistive power term
in the wire which contributes to melting is then given as
(24)
Therefore, the increase in melting rate due to resistive heating is directly proportional
to the electrode extension (or "stick-out length"), L, of the filler wire. This is displayed
in Figure 25. Extrapolation of the curves to zero electrode extension will then yield the
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contribution to deposition rate which is derived only from anode heating effects. The
intercepts of Figure 25 are plotted as a function of current in Figure 26. There is a linear
dependance of deposition rate on current when the contribution from resistive heating is
subtracted. From equation (9), anode heating is given by
P = I(V '+ ~ kT + <1»
anode a 2 e (25)
and it can be seen that the slope of Figure 26 accounts for (Va' 3kT/2e, and p) in equation
(25). It has been observed that the slope does not vary significantly with changes in
shielding gas (Ref. 32). Since shielding gas should have the biggest effect on radiation,
conduction, and convective heat transfer from the arc column, this observation provides
further proof that there is very little contribution of heating from the arc column.
When the anode heating effect terms are subtracted from the plot in Figure 25, the
deposition rate caused only by resistive heating can be evaluated. This is shown in Figure
27 (Ref. 32). The increase in deposition rate due to resistive heating is much more
pronounced at higher currents. This is the result of the f term dependence of resistance
heating on current. An increase in electrode extension thus provides an opportunity to
increase the deposition rate, and the increase can be very significant with relatively small
extensions. For example, the deposition rate is increased by a factor of 4 with a 1 inch
increase in electrode extension at a current of 500 amperes. Furthermore, the increase in
deposition rate will not be accompanied by a significant increase in the melted cross
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Figure 25. Deposition rate as a function of electrode extension and current for steel filler
wire deposited by the GMAW process.
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Figure 26. Intercept deposition rate values of Figure 25 plotted as a function of current.
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sectional area of the substrate since this quantity is only affected by the heat delivered
from the arc. Note that a decrease in the electrode area will provide a further increase in
the resistive power term by increasing the resistance of the electrode (equation (24)).
Therefore, an increase in electrode extension and a decrease in electrode diameter will
promote increased deposition rates without adversely affecting dilution. These trends have
been verified for the SAW process as well (Refs. 33,34).
For convenience, the deposition rate of the consumable electrode processes is usually
plotted as a function of current for a given wire diameter and fitted to an equation of the
form
ID.R. = aI + bU' (26) I
From the previous discussion it can be seen that a =(Va·(3kTl2e)·~) and b =pIA.
Here p is a measure of the effective resistivity of the wire which takes the dependence
of temperature into account.
Figure 28 shows deposition rate as a function of current for a 1/16 inch diameter steel
electrode at two electrode extension lengths (1 and 0.25 inch) (Ref. 32). The relative
contributions of resistive and anode heating effects are illustrated. The deposition rate is
fairly linear at low currents, but increases rapidly at high currents due to the 12R resistive
term. The significant overall increase in deposition rate with electrode extension is also
illustrated.
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In summary, the deposition rate of the non-consumable electrode arc processes is
controlled by the current, filler metal feed rate, and cross sectional area. The melting
power supplied by the process will be absorbed by the substrate and the filler metal. The
filler metal feed rate should be optimized to provide the highest deposition rate and
lowest dilution obtainable for a given level of melting power delivered by the process.
In consumable electrode arc processes, the deposition rate depends on the current, the
electrode extension, and the electrode diameter. In this case, these three variables should
be optimized to provide the highest deposition rates without adversely affecting dilution.
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2.3.5 Coating Thickness
The last important processing property to consider in a surfacing optimization study
is coating thickness. In many applications, overlays are required at relatively high
thicknesses, typically greater than 3 mm (3,000 Ilffi). In this case, GMAW and SAW are
very effective surfacing processes. In fact, these processes achieve their high deposition
rates by producing relatively thick coatings in a single pass. However, many applications
demand a thin coating. First of all, thick coatings can induce high stresses during thermal
cycling if the difference in coefficient of thermal expansion between the overlay and
substrate is significant. Secondly, excessive overlay thicknesses can produce unnecessary
costs. Filler material for weld overlay applications can account for a significant fraction
of the total expense. Therefore, an overlay process should not only exhibit low dilution,
high deposition rate, and high thermal efficiency factors, but it should also permit a high
degree of control over the applied coating thickness. Factors affecting coating thickness
are discussed below.
2.3.5.1 Factors Affecting Coating Thickness
The coating thickness depends primarily on filler metal volumetric flow rate, overlay
width, and travel speed. As noted by equation (l7a) in Section 2.3.4, the cross sectional
area of weld overlay above the substrate surface is given by
(17a) I
72
If the overlay exhibited a rectangular cross sectional area which could simply be
represented by Ao = t-w, where t is the coating thickness and w is the width of an
individual weld bead, then the coating thickness could be determined by
Aff
wS (27) I
from which it can be seen that overlay thickness will increase with an increase in the
volumetric feed rate of filler wire, Af-Sf, a decrease in the weld width, w, and a decrease
in travel speed, S. However, in surfacing processes the overlay cross sectional area is
elliptical and is not given simply by t-w. Nevertheless, equation (27) reveals rh~ variables
which effect coating thickness.
The filler metal volumetric flow rate and the travel speed are preset variables.
However, the width of the overlay deposit depends on the process parameters in a
complex way which has been difficult to quantify from fundamental considerations (Ref.
35). In general, the overlay width has been observed to increase with increasing filler wire
diameter and decreasing travel speed. Welding voltage can have a moderate effect. As the
voltage increases, the arc tends to become wider and increases the overlay width (Ref.
30). In GTAW, the tungsten tip geometry can have a similar effect. As shown in Figure
18, small vertex angles promote a wide bell-shaped arc which promotes wide overlay
deposits (Refs. 25,26). However, this effect is not strong.
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The inability of the GMAW and SAW processes to deposit thin coatings IS
associated with the high filler metal volumetric flow rates which are utilized in these
processes. In contrast, PAW can be used with a powder filler metal and the volumetric
flow rate can be accurately controlled to low levels. As a result, this process can produce
deposit thicknesses lower than other arc welding processes.
In summary, the overlay thickness depends on filler metal volumetric flow rate, travel
speed, and bead width. The ability of a process to achieve thin overlay deposits, less than
about 1 mm (l,000 11m) depends on the control of the filler metal volumetric flow rate.
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2.3.6 Literature Review Summary
Table 3 summarizes the effects of processing parameters on the performance of arc
welding processes used for surfacing applications. The table reveals the parameters which
are most influential and warrant consideration in a surfacing optimization study. In Table
3, filler metal feed rate refers to both consumable and non-consumable electrode
processes. There are a total of fifty possible effects listed in Table 3. Information on
seven of these effects could not be found in the open literature. However, it appears that
they will not have a strong influence on the measures of process performance.
Table 3. Important arc welding parameters which affect the performance of a surfacing
process.
MEASURE OF PERFORMANCE
PARAMETER Arc eff. Melt eff. Dilution D. Rate Thick.
Voltage M N N N M
Travel Speed N S S N S
Current M S S S N
Duty Cycle N SIM M U N
Shileding Gas Type M M M M U
Filler Metal Feed Rate M N S S S
Electrode Diameter U N M M M
Electrode Extension M N M S M
Electrode Tip Angle U M U N M
Plasma Gas Flow Rate U M M N U
S =Strong Effect
M =Moderate Effect
N = No Significant Effect
U =Effect Unknown
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The current polarity is not considered in Table 3. Although this parameter can have
an effect on the measures of process performance listed above, the choice of polarity is
dictated mainly by stability of the process. For example, DCEN is used almost exclusively
with the non-consumable electrode processes when surfacing ferrous metals to prevent
overheating of the tungsten electrode. With DCEN, electronic emission from the tungsten
tip provides a cooling action. In the reverse situation, DCEP, the electrode is bombarded
with electrons which quickly heat the electrode and cause it to melt. This condition
severely limits the current capacity of the electrode and DCEP is rarely used as a result.
With the consumable electrode processes, DCEP is employed because it provides greater
arc stability. Thus, the electrode polarity can essentially be considered as a fixed
parameter.
Of the parameters considered, current, travel speed, filler metal feed rate, and
electrode extension have the strongest effect on process performance and warrant
investigation. Current, travel speed, and filler metal feed rate have a strong effect on three
of the five measures of process performance. Although electrode extension only has a
strong effect on deposition rate, this variable deserves attention since it provides an
opportunity to increase productivity. Pulsed current may be worth considering if melting
efficiency cannot be optimized by high travel speed alone, provided dilution is not
adversely affected to any significant degree.
The remainder of the variables listed in Table 3 have moderate or no significant effect
on the measures of process performance and do not require extensive evaluation. Some
of these parameters can be selected and held fixed based on present knowledge. For
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example, it is known that helium and argon/helium shielding gas mixtures increase
dilution when compared to pure argon. Therefore, it is best to hold this parameter fixed
by using pure argon shielding gas. Similarly, high plasma gas flow rates produce high
dilution. Therefore, the plasma gas flow rate should be kept as low as possible.
It was noted in the review that electrode diameter of consumable electrode processes
can affect dilution, deposition rate, and coating thickness. However, this effect is listed
as moderate in Table 3 because there is not a wide range of electrode diameters available
for a given process. Lastly, arc voltage and electrode tip angle have only moderate effects
on two of the measures of process performance.
In conclusion, the current, travel speed, filler metal feed rate, and electrode extension
have the greatest effect on process performance and warrant detailed evaluation. Pulsed
current may require consideration if melting efficiency cannot be optimized by high travel
speeds alone and if dilution is not significantly increased. These parameters should by
varied over wide ranges in order to find the optimum processing window for applying
protective overlays by arc welding processes.
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3. EXPERIMENTAL PROCEDURE
3.1 EQUIPMENT and MEASUREMENT TECHNIQUES
A fully automated welding research laboratory was constructed for studying the
processing of weld overlays. An overall view of the laboratory is shown in Figure 29. An
Esab 500 Amp constant current/constant voltage power source (labeled "A" in Figure 29)
was used for the all the processes. An Esab WC-lOOO plasma console unit was used for
control of the pilot arc, plasma gas, and shielding gas for the PAW process (B). This unit
also contains a calibrated shunt which is used to record the welding current for each
process. An LRC travel carriage (C) was used to support and provide travel for the
individual torch designs and filler metal feed components. The entire system is controlled
by a Texas Instruments/Siemens 405 Programmable Control Unit (D) which is interfaced
to a Zenith personal computer (E) for off-line programming and on-line display of
parameter values. Individual photographs of the various torch designs for each process
are shown in Figures 30 and 31.
Figures 30a and 30b show the PAW and GTAW torches and filler metal feed
mechanisms, respectively. With the PAW system, filler metal in the form of powder is
fluidized in an argon gas and delivered from a screw-feeder (F) to an L-TEC 500 ampere
water-cooled PAW torch (G). The powder is delivered directly into the welding arc
through the large nozzle which surrounds the torch. With the GTAW set-up, filler metal
is delivered to a Systematics 500 ampere water cooled GTAW torch (H) via a Linde wire
feeder (I).
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Figure 29. Photograph of the automated welding laboratory used for evaluating welding
processes for applying overlay coatings.
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Figure 29. Photograph of the automated welding laboratory used for evaluating welding
processes for applying overlay coatings.
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Figure 30. Figure 30a shows the torch and filler metal feed system for the PAW process.
The torch and filler metal feed system for the GTAW process is shown in Figure 30b.
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Figure 30. Figure 30a shows the torch and filler metal feed system for the PAW process.
The torch and filler metal feed system for the GTAW process is shown in Figure 30b.
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Figure 31. Figure 31 a shows the torch and filler metal feed system used for the GMAW
process. The system is switched to SAW mode by flux delivery adapters as shown in
Figure 3lb.
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Figure 31. Figure 31 a shows the torch and filler metal feed system used for the GMAW
process. The system is switched to SAW mode by flux delivery adapters as shown in
Figure 31b.
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Figures 31 a and 31b show the torch system used for GMAW and SAW. This unit
consists of an L-TEC 1500 Amp GMAW/SAW torch (1) interfaced with an L-TEC wire
feed system (K). Figure 31 a shows the unit configured for GMAW mode where the
shielding gas is delivered to the welding arc through two copper nozzles surrounding the
torch. In the SAW mode, the nozzles are simply replaced by a flux delivery system as
shown in Figure 31b. The flux hopper is shown in Figure 31a (L). With each process, the
arc voltage is measured with a Fluke programmable volt meter (M).
Arc efficiency measurements were conducted using a Thermonetics arc welding
calorimeter (labelled "A" in Figure 32) interfaced with a Zenith personal computer (B).
This system works on the gradient layer principle where heat passage through the
calorimeter walls is measured by forming a thermocouple circuit between the outside of
the walls (cold end) and inside of the walls within the colorimeter. The calorimeter
produces a voltage output which is directly proportional to the amount of heat flowing
through its walls. When a heated object is placed in the calorimeter, the integrated
voltage-time curve produced as the object cools to equilibrium, multiplied by a calibration
constant, will yield the total heat content of the object. With the system pictured in Figure
32, the voltage is measured by the computer as a function of time with an automated data
acquisition system. To increase the accuracy of the voltage measurement, the voltage
signal is increased by an amplifier (C) placed in series between the calorimeter and
computer.
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Figure 32. Arc welding calorimeter and automated data acquisition system used for arc
efficiency measurements.
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Figure 32. Arc welding calorimeter and automated data acquisition system used for arc
efficiency measurements.
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The system above was calibrated by placing a calibration heater inside the calorimeter
and inducing a known voltage across the heater and measuring the resultant current. At
steady state, the heater input power divided by the output signal yields the calibration
constant of the calorimeter. Figure 33 shows calibration results for a range of input power
and displays the linear response of the calorimeter. The slope in Figure 33 defines the
calibration constant and was measured at 276 WN. This value was within 1% of the
calibration constant specified by the manufacturer.
50.0
Slope =276 WV·1
40.0
~
"' 30.0
"'-(1)
~
0
~
~ 20.0
='0..
=~
10.0
0.0
o 0.05 0.1 0.15 0.2
Output Voltage, V
Figure 33. Calibration plot for the arc welding calorimeter. The slope of the plot defines
the calibration constant.
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To use the calorimeter for arc efficiency measurements, samples were welded and
quickly placed in the calorimeter directly after welding and the calorimeter lid is closed.
The resultant voltage signal is recorded as a function of time by the data acquisition
system as the sample cools to room temperature. A typical plot generated from this
procedure is shown in Figure 34.
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Figure 34. Typical voltage-time plot obtained from the arc welding calorimeter.
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The total heat content of the weld sample is obtained by integrating the voltage-time
plot, correcting for the amplifier gain, and multiplying the integrated voltage signal by the
calibration constant. The integration was performed using the personal computer and
internal software. Weld times were kept below 10 seconds to minimize heat losses prior
to placing the sample in the calorimeter. Transfer times to the calorimeter after welding
were held below 3 seconds. In addition, a 100 mm square by 25 mm thick steel block was
used as the substrate so that heat losses from the surface were minimized with this large
substrate heat sink. Despite these efforts to minimize heat losses before the sample is
placed in the calorimeter, there will be an obvious loss of heat during and directly after
welding which will affect the accuracy of the results. This heat loss must be estimated
in order to be confident that it does not significantly affect the accuracy of the results.
The loss of heat will be due to radiation, Qp and natural convection Qc' from the
surfaces of the plate. The total heat loss per unit time from the summation of these terms
IS gIven as
IQ"" = hA(T - Ty." + oA(T' - r:J (28) I
The first term represents heat losses due to natural convection while the second term
is due to losses from radiation. In equation (28), h is the natural convection coefficient
which was measured by Glickstein for welding on plates as 1.6 W/(m2KI.25) (Ref. 36). A
is the cross sectional area which is 0.01 m2 for the present case, T is the elevated
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temperature in K, To is the temperature at an infinite distance from the substrate in K, and
0' is Stefan's constant (5.7 x 10-8 W/(m2K4)). The temperature distribution will vary along
the surface of the plate, but an average worst case value for T can be taken as 700 K. To
is 298 K. Therefore, according to equation (28), the heat loss from natural convection is
approximately 30 Wand from radiation is approximately 130 W, for a total of
approximately 150 W. The total heat loss in a worst case condition of 13 seconds of
welding and transfer time will then be approximately 2,000 joules. Considering that the
heat generated by the welding arc for a typical set of parameters of 300 amperes current
and 26 volts is approximately 100,000 joules, one can see that the heat loss during
welding and sample transfer is on the order of 2% of the total heat output by the welding
arc.
The heat loss can also be approximated from the voltage-time plot in Figure 34. The
maximum voltage of the voltage-time plot corresponds to the initial heat flow from the
substrate surfaces. For the plot shown in Figure 34, an amplifier gain of 10 was used so
that the actual maximum voltage output was 0.35 volts. Multiplying this value by the
calorimeter calibration constant of 276 W/V yields an initial heat flow from the substrate
of 97 W. Although this value and that calculated by equation (28) (160 W) are not in
good agreement, both results indicate that heat losses before sample insertion to the
calorimeter are small. Finally, these results are in agreement with the studies conducted
by Smartt et al. (Ref. 7) and Apps et al. (Ref. 37) where it was also concluded that initial
heat losses due to natural convection and radiation have a negligible affect on the
accuracy of the arc efficiency measurements.
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After determining the total heat content of the weld sample, the arc efficiency is
calculated by
VIt
1] =-
a Heal
where
V is the arc voltage (volts)
I is the arc current (amperes)
t is the welding time (seconds)
(29) I
Heal is the heat content obtained from the calorimeter measurement (joules)
As noted in Section 2, arc efficiency is dependent mainly on the welding process
and varies only slightly within a given process. In this study, the parameters under
evaluation include current, filler metal feed rate, travel speed, and stick-out length. The
last three variables have been shown to have a small or negligible affect on arc efficiency.
Current has not been investigated in detail. Therefore, arc efficiency was evaluated for
the range of currents examined in this work and all other variables were held constant.
Once the arc efficiency was characterized for each process for the range of currents
investigated, the melting efficiency was calculated for each set of parameters using
equation (13). However, since the overlay (308 austenitic stainless steel) and substrate
(A36 carbon steel) are different materials, the numerator in equation (13) must be broken
into separate volumetric terms and is replaced by
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The values of JC/T)dT + ilHf have been determined experimentally for austenitic
stainless steel (Ref. 6) and iron (similar to steel) (Ref. 38) at 8.7 and 10.5 joules/mm3,
respectively.
After welding, each sample was cross-sectioned using an abrasive cut-off wheel,
polished to a 111m finish using silicon carbide paper, and etched in a 2% Nital solution.
The individual cross-sectional areas of the melted substrate and deposited overlay were
then measured using a LECO 2001 Quantitative Image Analysis (QIA) system as shown
schematically in Figure 20. The cross sectional area terms were then multiplied by the
total weld length to determine the individual volumes of the melted substrate and
deposited overlay for use in the melting efficiency calculations. Dilution was calculated
based on the ratio of cross sectional areas as shown by Figure 20 and equation (16) of
the literature review.
In some weld samples, areas of incomplete fusion were observed. This is a defect
which results when the substrate area under the overlay has not been completed melted
and fused with the overlay. Any set of welding parameters which produce this defect is
considered unacceptable. The degree of fusion can be quantified as shown schematically
in Figure 35. Any areas of incomplete fusion were quantified with the QIA system. This
was conducted in order to reveal the effects of processing parameters on the propensity
to form this defect so that it can be avoided in practical applications. Figure 35 also
shows how coating thickness was measured on the overlays.
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% Fusion =(A/B) x 100%
~------B
Thickness
Figure 35. Schematic illustration showing the degree of fusion measurements of the
overlay with the substrate. The coating thickness is also shown.
3.2 EXPERIMENTAL MATRIX
A factorial matrix was designed for each welding process to evaluate the effect of
parameters on process performance over a large range of conditions. Tables 4 through 7
summarize the range of parameters investigated for each welding process. As previously
noted, the parameters investigated include current, travel speed, filler metal feed rate, and
electrode extension. Electrode extension applies only to the GMAW and SAW processes.
Electrode extension was initially held constant at 12 mm for the factorial matrices
summarized in Tables 6 and 7. The effect of electrode extension was evaluated by
conducting an additional run at each current level at a constant travel speed of 10
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mrnIsecond and a length of approximately 19 mm.
To simulate a typical overlay procedure, type 308 austenitic stainless steel was
deposited onto A36 carbon steel for each process. The steel substrates were 305 nun
square by 6.4 nun thick.
The ranges listed for each process were determined by preliminary weld trials. The
lower limit to travel speed is governed by the formation of excessively wide and deeply
penetrating weld deposits. The upper limit of travel speed is set when the process can no
longer adequately melt the substrate due to a decrease in energy input per unit length of
weld (see equation (5». The lower bound to filler metal feed rate is set to insure adequate
filling of the weld deposit while the upper bound is set when the weld deposit becomes
excessively high and appears to be improperly fused to the substrate. The upper and lower
bounds of the filler metal feed rate typically increase with increasing current. With the
GMAW and SAW processes, the current is controlled by the wire feed speed. Therefore,
the wire feed speed and current cannot be evaluated independently. (This characteristic
of consumable electrode power sources is explained in detail in Ref. 39.) The resultant
nominal current for a given wire feed speed is listed in Tables 6 and 7. The actual current
for each weld trial was measured via a calibrated shunt placed in series with the current-
carrying cable. The filler metal feed rate listed in Table 6 and 7 is the resultant
volumetric filler metal feed rate obtained by multiplying the linear wire feed speed (in
mm/second) by the cross sectional area of the filler wire (in mm2). Comparison of Tables
4 and 5 with Tables 6 and 7 shows that the range and absolute values of the operable
filler metal feed rates and travel speeds are significantly higher for the GMAW and SAW
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processes compared to the PAW and GTAW processes. The reasons for this will be
discussed in the following sections. Since GMAW and SAW are very similar welding
processes, the comparison between these processes was accomplished by conducting
similar experimental matrices.
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Table 4. Experimental matrix for evaluating the effect of processing parameters on
process performance with the Plasma Arc Welding process.
Current Voltage Range of Range of Filler
Travel Speed Metal Feed Rate
(A) (V) (rnmIs) (mm3/s)
200 23.5 2 - 3 8 - 67
250 25.5 2 - 4.5 8 - 83
300 27.5 2 - 6 32 - 83
350 30.0 3.5 - 7 67 - 133
400 31.0 3.5 - 7.2 67 - 133
CONSTANTS:
Shielding Gas: Argon @ 30 fe/hour (CFH)
Plasma Gas: Argon @ 2 CFH
Standoff Dist.: 15 mm
Electrode: 4 mm diam. Thoriated Tungsten
Table 5. Experimental matrix for evaluating the effect of processing parameters on
process performance with the Gas Tungsten Arc Welding process.
Range of Range of Wire Range of
Current Voltage Travel Speed Feed Speed Filler Metal
Feed Rate
(A) (V) (mm1s) (mm1s) (mm3/s)
240 15 6 - 10 20 - 60 21 - 62
290 15 6 - 10 60 - 100 62 - 103
344 15 6 - 10 60 - 100 62 - 103
395 16 6 - 10 100 - 130 103 - 133
CONSTANTS:
Electrode-to-Work Distance: 6 mm
Shielding Gas: Argon @ 40 CFH
Electrode: 4 mm diam. Thoriated Tungsten
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Table 6. Experimental matrix for evaluating the effect of processing parameters on
process performance with the Gas Metal Arc Welding process.
Range of Wire Feed Filler Metal
Current Voltage Travel Speed Speed Feed Rate
(A) (V) (mm/s) (mm/s) (mm3/s)
230 27 6 - 14 120 123
270 29 6 - 26 150 154
300 32 6 - 22 180 185
345 34 6 - 18 210 215
380 36 6 - 26 240 246
CONSTANTS:
Shielding Gas: Argon @ 40 CFR
Wire Diameter: 1.14 mm
Table 7. Experimental matrix for evaluating the effect of processing parameters on
process performance with the Submerged Arc Welding process.
Range of Wire Feed Filler Metal
Current Voltage Travel Speed Speed Feed Rate
(A) (V) (mm/s) (mm/s) (mm3/s)
205 34 6 - 16 120 123
250 35 6 - 26 150 154
270 35 6 - 26 180 185
300 36 10 -18 210 215
330 37 6 - 22 240 246
CONSTANT:
Wire Diameter: 1.14 mm
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4. RESULTS AND DISCUSSION
4.1 ARC EFFICIENCY
Figure 36 shows the arc efficiency for each welding process as a function of welding
current. A clear distinction in the ability of each process to transfer energy from the
welding arc to the substrate is evident. Figure 36 also shows that there is very little
variation in arc efficiency over the current ranges investigated. The consumable electrode
processes (GMAWand SAW) exhibit an average arc efficiency of 0.84 ± 0.04. The
GTAW process has an average arc efficiency of 0.67 ± 0.05, and the PAW process
displays an average arc efficiency of 0.47 ± 0.03. These values are in good agreement
with other arc efficiencies reported in the literature for these processes (Refs. 6-8, 10,40,
41). As previously noted, it has been suggested that arc efficiency is controlled mainly
by the torch design and the use of a consumable verses non-consumable electrode (Ref.
10, 43). These differences can be rationalized in a more quantitative way by noting the
differences in the distribution of arc power with each process and the transfer of that arc
power to the substrate.
4.1.1 Energy Balance for Non-Consumable Electrode
First consider the non-consumable electrode GTAW process. The PAW process will
be considered later. A balance of power terms can be written for the stationary electrode
as (Ref. 42)
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Figure 36. Arc efficiency for the PAW, GTAW, GMAWand SAW processes as a
function of welding current.
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This condition is shown schematically in Figure 37a. The first term represents heat
flow due to conduction from the high temperature arc through the tip of the tungsten
electrode towards the cooler collet. The second term represents heat generated due to
resistive heating and the last term represents heat losses due to radiation. Convective
losses are considered negligible (Ref. 42). Kou used this energy balance to determine the
temperature distribution within the tungsten electrode and found good agreement with
experimentally measured temperature profiles, indicating equation (31) adequately
describes the heat flow condition of the stationary electrode (Ref. 42). Therefore, heating
of the electrode by thermal conduction and resistive heating is balanced by radiation
losses. The important point to make here is that no energy is transferred from the
stationary electrode to the substrate. In fact, a slight amount of heat is lost from the high
temperature arc by conduction through the electrode.
4.1.2 Energy Balance for Consumable Electrode
The balance of power terms for a consumable electrode with volumetric filler metal
feed rate, Vr, is given by (Ref. 43)
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where R is the effective resistance of the wire given by (p(T)L/A), where peT) is the
temperature dependent resistivity which varies along the length L due to the variation in
temperature with L. <\> is the effective anode work function, Tm is the melting temperature
of the filler metal, Tdr is the superheated drop temperature as it enters the liquid pool, and
the other parameters are as previously defined. The subscripts s and I refer to the solid
and liquid, respectively. The first term on the left accounts for conduction from the arc
through the solid wire, the second term repres'ents the power generated due to resistive
heating, and the third term represents power transferred by electron absorption onto the
electrode. This condition is shown schematically in Figure 37b. For distances greater than
0.5 mm up the solid wire (away from the arc), the conduction term can be neglected and
equation (32) reduces to (Ref. 43)
12R + 1<1> = (J:mCpsdT + AHf + f:drCp/d1)'Vf (33)
o m
Power from the anode electron absorption term provides a large portion of the total
heat supplied to the electrode which is eventually transferred to the substrate as the liquid
drops are deposited as weld metal. This power term is also available in the non-
consumable processes conducted in Direct Current Electrode Negative (DCEN) polarity
when the electrons leaving the electrode are absorbed by the substrate. Therefore, the
difference in power terms between the consumable and non-consumable processes is given
by the 12R term. It is generally accepted that resistive heating is not sufficient to heat the
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filler wire to its melting temperature and then melt it (Ref. 43). Therefore, the difference
in power terms between the non-consumable and consumable electrode processes can be
expressed as
(34)
where Ts < Tm.
From equation (34) it can be seen that the resistive heating of the consumable
electrode to Ts provides an increase in power (compared to the non-consumable electrode
processes) which is delivered to the substrate when the filler metal is deposited as weld
metal.
An analytical solution to the effective resistance of the consumable electrode wire has
been developed by Wasznik and Van Den Reuvel and is given by (Ref. 43)
R = (35)
where a is the resistivity for T > 1300 K and is equal to 1.3 x 10-3 Qrnm for austenitic
stainless steel and ~ =1.7 X 102 J/g for austenitic stainless steel (Ref. 43). Calculation of
the effective R for the range of cun-ents, stick-out lengths, and filler metal feed rates used
here, using the GMAW process as an example, yielded a value which was essentially
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constant at 0.014 .0. Therefore, the difference in power, ~P, between the non-consumable
and consumable electrode processes can be expressed simply as
I I1P = 0.0141' (36) i
4.1.3 Effect of Electrode Type on Arc Efficiency
By comparing .6.P with the total power transferred to the substrate, Psubstrate = 'llaV1 with
'lla =0.84 for the GMAW process, the expected differences in arc efficiency between the
consumable and non-consumable el~ctrode processes can be evaluated and compared with
the measured differences. The total substrate power can be expressed exclusively as a
function of I by noting that, in the range of current and voltage used here, V = a + bI.
This behavior is shown in Figure 38 where the data can be fit to the linear regression
equation
Therefore,
IV = 12.9 + 0.061 (37) I
Psubstrate = 11)(12.9 + 0.061) 10.841 + 0.0512 (38)
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Figure 38. Voltage plotted as a function of current showing the linear dependence in the
range of currents and voltages evaluated.
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Equations (36) and (38) are plotted as a function of current in Figure 39 to reveal the
fraction of total power supplied to the substrate by the electrode which is not available
with the non-consumable electrode processes. ~P ranges from 14 to 18% of Psubstrate' If this
fraction of power is subtracted from the total power delivered to the substrate, the arc
efficiency of 0.84 for the consumable electrode processes is reduced to 0.69 to 0.72. This
value is within the measured arc efficiency range of 0.67 ± 0.05 for GTAW, confirming
that the major difference in arc efficiency between the consumable and non-consumable
electrode processes can be attributed to power delivered by resistive heating of the filler
WIre.
4.1.4 Fraction of Total Power Delivered by Consumable Electrode
It is also useful to consider the fraction of total power supplied by the superheated
molten drops, PdroP' as given by equation (33). The effective anode work function, <1>, can
be taken as 6V (Ref. 43) and Pdrop can then be written as
Ipdrop = 61 + 0.0141' (39) I
Equations (38) and (39) are plotted as a function of current in Figure 40 where it can
be seen that the superheated drops account for 38 to 42% of the total power supplied to
the substrate. This calculated value is in very good agreement of the work conducted by
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Figure 39. Plot of L1P =0.014e and P,ubstrJte = 10.841 + o.osf as a function of 1 showing
the portion of total power supplied by resistive heating of the electrode.
104
Smartt et al. (Ref. 8) where Pdrop was measured and found to account for approximately
38 to 46% of the total power delivered to the substrate. Lastly, since (LlPlPsubstrate) and
(PdroplPsubstrate) do not vary significantly with current, the arc efficiency is expected to
remain fairly constant with variations in the welding current. This is shown in Figure 41
where (ilPlPsubstrate) and (PdroplPsubstrate) are plotted as a function of current and found to vary
only slightly over the range of current evaluated here. Again, this behavior is reflected
in the experimental data of Figure 36.
4.1.5 Power Losses to PAW Torch
To this point the basis of comparison for the non-consumable electrode process has
been restricted to GTAW, and good agreement is found between the calculated and
measured arc efficiency differences. However, the experimental data have shown that
there is also a difference between the PAW and GTAW, the PAW process exhibiting a
lower lla value. The cause of this low arc efficiency can be revealed by examining the
design of the PAW torch used in these experiments.
Quigley et al. (Refs. 12, 13) have estimated that approximately 74% of the power
transferred from the arc to the substrate in the PAW process can be attributed to
convection and radiation from the high temperature arc (see Table 2). They also
concluded from their analysis that the arc efficiency of the PAW process should exceed
that of the GTAW process by a factor of about 1.3, which is opposite to that observed
experimentally (Figure 36). However, their analysis of the PAW process did not include
heat losses from the arc to the nozzle which surrounds the recessed tungsten electrode and
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a portion of the arc. With the PAW torch used in these experiments a massive metallic
nozzle surrounds the recessed tungsten electrode and a portion of the arc. The nozzle acts
as a heat sink, effectively absorbing energy from the arc before it can be transferred to
the substrate. An extreme indication of the heat losses to the nozzle was revealed in one
high amperage run where a section of the nozzle actually began to melt. A similar
phenomenon has been observed by Fuerscbach and Knorovsky (Ref. 6). In fact, their arc
efficiency values were 0.50 when heat losses to the nozzle were high. This value is within
the range of 0.47 ± 0.03 measured here. The arc efficiency was increased when the nozzle
size was changed and heat losses were reduced. However, with the torch design used in
these experiments, a massive nozzle is required for powder delivery into the arc and the
arc efficiency remains low as a result. Therefore, a large part of the radiation and
convective heat transfer, which has been considered to attribute most of the power transfer
of the PAW process, is absorbed by the torch nozzle and promotes a substantial reduction
in arc efficiency.
In summary, the greater arc efficiency of the GMAW and SAW processes compared
to the GTAW process can be attributed to the rzR power of the consumable electrode
which is directly transferred to the substrate as the electrode is deposited as weld metal.
In contrast, rzR heating of the non-consumable electrode (together with conduction from
the high temperature arc) is lost by radiation to the atmosphere and conduction into the
electrode collet. These differences in power terms can be quantitatively accounted by
considering the respective energy balances, and the results provide a fairly accurate
prediction of the observed differences and relative constancy of arc efficiency with
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variations in welding parameters. The total power supplied by the molten drops by the
combination of resistive heating and the effective anode work function have also been
predicted and agree well with experimental measurements of other investigators. Lastly,
the arc efficiency of the PAW process exhibits the lowest of all arc welding processes
considered due to heat losses to the nozzle which surrounds the electrode and a portion
of the arc.
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4.2 MELTING EFFICIENCY
The work of Wells (Ref. 17) showed that melting efficiency depends primarily on the
dimensionless ratio (aJSd) (a =thermal diffusivity, S = travel speed, d =weld width) and
led to the analytical expression of equation (14) for melting efficiency as a function of
travel speed. However, attempts to correlate the melting efficiency exclusively to travel
speed (for a fixed a) have generally been unsuccessful. Figure 42a shows the melting
efficiency as a function of travel speed for all the processes evaluated. Although the
expected trend of increasing melting efficiency with increasing travel speed is observed,
there is considerable scatter in the data. This suggests that the melting efficiency is
controlled by an additional factor. Figure 42b shows the melting efficiency as a function
of net arc power delivered to the substrate where it is observed that increases in the net
arc power also increase the melting efficiency. However, as with travel speed, the scatter
in the data is significant.
Previous work (Ref. 6) has led to the experimental observation that 11m can be
correlated fairly well with the dimensionless ratio (11aVISlEav), where 11aVI is the net arc
power delivered to the substrate, S is the travel speed, E is the enthalpy change due to
melting, a is the thermal diffusivity at 300K, and v is the kinematic viscosity at the
melting point. Therefore, for a fixed material (i.e., Eav constant), the melting efficiency
is found experimentally to depend on the product of arc power and travel speed, 11aVIS.
Figure 42c shows the melting efficiency of all the processes as a function of 11aVIS.
The arc power is multiplied by the arc efficiency so that the true magnitude of power
reaching the substrate is considered. The results show that each process occupies a rather
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Figure 42a. Melting efficiency of all the processes as a function of travel speed.
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discrete section of the plot due to differences in arc efficiency and maximum achievable
travel speeds among the process. (This variation in melting efficiency among the
processes will be discussed in more detail momentarily.) However, the data all lie on one
curve and are continuous from process-to-process, showing that melting efficiency is
indeed controlled by the product of arc power and travel speed, independent of the
process considered. This result can be rationalized by considering the competition of
localized energy transport to the work piece by the moving heat source and transport
away from the locally heated area to the surrounding cooler substrate by thermal
conduction.
Figure 43 schematically illustrates the localized heating. of a metal with a heat source
that delivers an instantaneous power TlaVI moving at a speed S. The power delivered to
the substrate is generally consumed in one of two ways. A portion of the power is used
to provide the enthalpy change required for localized melting and super-heating of the
liquid weld pool. The remaining power is transported away from the locally heated area
to the surrounding substrate mainly by thermal conduction. The melting efficiency is
determined by the ratio of power used for melting to the total power delivered to the
substrate. A competition exists between the instantaneous power llaVI delivered locally
to the substrate by the heat source moving at speed S and the transport of power away
from the local region by thermal conduction. Therefore, if the rate of energy transport
(i.e., power) to the locally heated region is increased, less time is effectively available for
energy to be conducted away to the surrounding cooler substrate by thermal conduction.
In this condition more energy is utilized for melting with a concomitant increase in the
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Figure 43. Schematic illustration of the localized heating of a metal with a heat source
that delivers an instantaneous power llaV1 moving at a speed S.
melting efficiency. A similar phenomenon applies to the effect of travel speed which is
already well known: the faster the heat source can travel while melting the substrate, the
less time there is for heat to be conducted away from the locally heated region and the
higher the melting efficiency. The fact that melting efficiency is experimentally observed
to depend on the product of arc power and travel speed may be associated with the
interaction of these two variables.
The melting efficiency cannot be increased indefinitely by an increase in travel speed
when the arc power is held fixed. At some point, the travel speed will become too high
for any melting to occur at all because there is insufficient time for energy transfer to the
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substrate by the heat source. As a result, the melting efficiency can be expected to
eventually drop to zero with a continuous increase in travel speed at a fixed arc power.
To achieve a continuous increase in melting efficiency with travel speed, the arc power
must be increased along with the travel speed to compensate for the decrease in time
available for delivering energy to the substrate. This interaction may account for the
observed dependence of 11m on the product of arc power and travel speed.
There is one additional contribution to the increase in melting efficiency which
occurs at high arc powers and fast travel speeds. It is well established that the arc exerts
a force on the weld pool due to the transfer of momentum from the plasma jet to the weld
pool surface (Refs. 46-48), and the force is known to increase by the square of arc
current, Fare =cI2, where c is a constant (Ref. 49). As this force increases at high currents
(which is synonymous with high arc powers since arc power =VI), the molten weld pool
is displaced from directly under the welding arc and moves behind the welding arc. A
similar phenomenon occurs at high travel speeds. When the travel speed is relatively high,
the arc stays ahead of the weld pool and impinges directly on the substrate. These effects
are illustrated schematically in Figure 44. When arc power and travel speed are low, the
arc energy must be transferred through the molten weld pool by conduction and
convection before reaching the substrate for further melting. This power transfer process
is relatively inefficient as much of the energy is absorbed by the weld pool. When the
weld pool is behind the welding arc, the arc power is transferred directly to the substrate
and the transfer process is more efficient. As a result, the melting efficiency is increased.
116
Arc Power Delivered toQUbstrate = n a VI.Travel Speed, S Arc Power TransportedThrough Liquid
LOW 51LOW n a VI
Arc Power Delivered to
Substrate = naVI
Arc Power Transported
Directly to Substrate
HIGH 5/HIGH naVI
Figure 44. Schematic illustration showing the path of energy transport as affected by arc
power and travel speed. When the arc power and travel speed are low, the weld pool is
located directly under the arc and energy must be transported through the liquid pool
before it can reach the substrate for further melting. When the arc power and travel speed
are high, the molten pool is located behind the arc and energy is transported directly to
the substrate.
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4.2.1 Estimating Melting Efficiency from the Processing Parameters
Although experimental results reveal that equation (14) does not explicitly describe
11m' it does reveal the functional relationship between melting efficiency and the welding
variables. Therefore, it is useful to utilize this functional form in order to express 11m as
a function of 11aVIS to permit estimation of the melting efficiency which will result from
a given set of welding variables.
Equation (14) can be written in a slightly simpler form
1
80::
SSd + 2
(40)
If it is assumed that the dimensionless ratio (alSd) can be replaced with the more
suitable dimensionless ratio (11aVISlEav), then equation (40) takes the general form
+ 2
1TIm == ----
KEo::v
TlaVIS
(41)
where K is a constant. For the case of a fixed substrate material, Eav is fixed and
equation (41) becomes
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T]m =
1
+ 2
(42)
In equations (40) through (42), the value of 2 implies a maximum theoretical melting
efficiency of 0.50 when the ratio of (aJSd) is very low (Ref. 17). This is in good
agreement with the experimentally measured maximum 11m value by a number of
investigators (Ref. 45). Inspection of Figure 42c reveals a maximum 11m of 0.50 for this
work. Therefore, the theoretical value of 2 in equation (42) is also verifed experimentally
here.
Figure 45 shows the results from all the processes on a single plot using a value of
K' = 35 Jam/s2 in equation (42). This form of equation (42) is found to describe the data
reasonably well. The value of 35 Jam/s2 was found experimentally by fitting equation
(42) to the measured 11m data. Therefore, the melting efficiency can be predicted from the
welding variables fairly accurately by
1
+ 2
(43)
where I is in amperes, V is in volts, and S is in m/second.
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Figure 4S. Melting efficiency as a function of the product of arc power and travel speed
for all the processes. A value of K' = 35 Jem/s2 is used to estimate the data from
equation (42).
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4.2.2 Effect of Arc Efficiency on Melting Efficiency
It is interesting to note the effect of arc efficiency on the melting efficiency. When
the arc efficiency is low, energy cannot be transferred to the substrate at high rates and
it is difficult to reach high melting efficiencies. The arc efficiency also affects the melting
efficiency by limiting the maximum travel speed which can be obtained. As noted earlier,
operation at fast travel speeds requires high arc powers to compensate for the decreased
time available for energy transfer to the substrate by the heat source. If the maximum
deliverable arc power is limited due to a low arc efficiency, then the maximum travel
speed will also be limited and produce a further reduction in the melting efficiency. This
trend is revealed in Figure 46 where the arc efficiencies and maximum travel speeds for
the processes are compared. Note that the maximum travel speed scales directly with the
arc efficiency. For the consumable electrode processes, the arc efficiency is high (lla =
0.84) which permits a high rate of net energy transport to the substrate and the
achievement of high travel speeds. As the arc efficiency decreases for the non-consumable
electrode processes, the net power delivered to the substrate reduces and causes a
concomitant reduction in the maximum travel speed which can be achieved. The result
of these effects on the maximum achievable melting efficiency are shown in Figure 47
where it is readily observed that the maximum melting efficiency scales directly with the
arc efficiency and maximum travel speed.
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4.2.3 Effect of Melting Efficiency on Weld Thermal Cycle
It is also interesting to compare the effect of variations in melting efficiency which
are produced at equivalent net heat inputs (as defined by equation (5)). It is common
practice in the welding industry to specify allowable welding parameters based on the
heat input delivered to the work piece. The general view here is that equal heat inputs
produce equivalent thermal cycles and hence equivalent transformation products in the
substrate. This concept is revealed quantitatively by the classical welding heat flow
equations developed by Rosenthal which are used to predict the temperature T at a
particular time t and distance r from the heat source in the substrate when a given heat
input llaVIIS is delivered by the welding arc (Ref. 18)
'Il VIIS r2T = T + a exp(--)
o 21tkt 4at
(44)
Equation (44) is for three dimensional heat flow conditions. A similar equation exists
for two dimensional conditions. Equation (44) indicates that the thermal cycle in the
substrate is dictated by the ratio of arc power to travel speed. However, it is established
that the melting efficiency, which determines the distribution of energy in the substrate
(i.e. energy used for melting versus total energy delivered), is dictated by the product of
arc power by travel speed. Clearly, variations in energy distribution within the substrate
will promote concomitant variations in the substrate thermal cycle which cannot be
accounted for by classical heat flow equations.
Figure 48 shows the cross sectional view of the weld zone from three samples
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deposited at an equivalent heat input of 380 J/mm with varying llaVIS values from 38 to
265 Jm/s2• The melting efficiency for each case is noted in the figure. Although these
welds were deposited at equivalent heat inputs, which, by industrial practice, would be
considered to experience identical thermal cycles via equation (44), there are large
variations in the volume of the melted zone and the HAZ size. This result provides direct
evidence that the weld thermal cycle is largely dependent on the melting efficiency, an
effect which can not be accounted for by the classical heat flow equations. At low llaVIS
values, only a small fraction of the total energy delivered to the substrate is utilized for
melting. The remaining portion of energy is lost to the surrounding region and results in
a large HAZ. As the value of llaVIS increases, the melting efficiency is increased and a
larger fraction of the total energy delivered to the substrate is utilized for melting. In this
condition, the fraction of energy absorbed by the surrounding substrate by conduction is
reduced with a corresponding reduction in the size of the HAZ. This trend is readily
observable in Figure 48. Therefore, variations in melting efficiency due to differences in
the value of llaVIS must be considered when evaluating the weld thermal cycle.
As a final comment, it is useful to compare the melting efficiency achieved with the
consumable electrode arc welding processes studied here with values typically reported
for the high energy density processes such as laser and electron beam. One of the
principal advantages of the high energy density processes is their ability to produce welds
with minimized heat affected zones. In other words, they can operate at high melting
efficiencies. However, the theoretical maximum melting efficiency is 0.50, which is in
agreement with the experimentally measured maximum value measured by a number
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investigators, including this work and research conducted with laser and electron beam
processes (Ref. 45). Therefore, once a melting efficiency of 0.50 is reached, no further
increase is possible, regardless of the process being used. Figure 42c clearly shows that
the consumable electrode processes are capable of achieving this optimum condition when
the welding parameters are carefully selected. Therefore, the advantage of high melting
efficiency exhibited by the high energy density processes, which is obtained at the
expense of high capital and operating costs, can be achieved with the relatively
inexpensive and easily operated consumable electrode arc processes when the parameters
are carefully optimized.
To summarize, the melting efficiency increases with increasing values of the product
of arc power and travel speed. This result can be rationalized by considering two factors:
1) the competition of energy transfer to the weld pool by the welding arc and away from
the weld pool by substrate conduction and 2) the change in energy transport path, where
transport occurs through the liquid pool at low arc power and travel speeds, but is
transported directly to the substrate as the arc power and travel speed are increased. The
melting efficiency which results for a given set of welding parameters can be reasonably
estimated by equation (43). The arc efficiency can limit the achievement of high melting
efficiencies by limiting the arc power and travel speed to low values. The melting
efficiency will have a profound influence on the weld thermal cycle which is not
accounted for by classical heat flow equations. Lastly, careful optimization of the
consumable electrode arc welding parameters has resulted in melting efficiencies which
are equivalent to those exhibited by the more expensive high energy density processes.
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Tl a VIS 38 Jms- 2
Tl m 0 .27
b
Tl a VIS 96 Jms- 2
Tl m 0.40
'IlaVIS 265 Jms- 2
T'J m 0.50
Figure 48. Comparison of various weld dimensions deposited under identical heat
inputs with varying melting efficiencies. The differences in weld zone and heat
affected zone dimensions are caused by differences in the thermal cycle which cannot
be accounted for by classical heat flow conditions.
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Figure 48. Comparison of various weld dimensions deposited under identical heat
inputs with varying melting efficiencies. The differences in weld zone and heat
affected zone dimensions are caused by differences in the thermal cycle which cannot
be accounted for by classical heat flow conditions.
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4.3 A NEW METHOD FOR PREDICTING OPTIMIZED WELDING
PARAMETERS
The selection of processing parameters for applying high quality overlays is a
difficult task for personnel involved in welding procedure development. As indicated in
Section 2, there are a large number of parameters which must be optimized. In addition,
the variables must be selected to ensure the deposition of defect-free overlays. For
example, achieving high deposition rates and low dilution levels are the main objectives
of a weld overlay procedure development program. In general, this is accomplished by
the use of high filler metal feed rates at the lowest possible energy delivered by the arc.
High filler metal feed rates provide high deposition rates while the use of low arc energy
holds the degree of substrate melting and concomitant dilution to a minimum. However,
if the energy is too low for a given filler metal feed rate, then a large portion of the
energy is consumed in melting the filler metal with little energy remaining to melt the
substrate. As a result, the overlay does not completely fuse to the substrate and is
susceptible to spallation during service. This transition is depicted schematically in Figure
49 which shows the change in dilution and fusion which is expected to result as the filler
metal feed rate is increased for a given level of energy delivered by the arc.
In Figure 49a, the filler metal feed rate/arc energy ratio is low. In this situation, only
a small portion of the total energy is required for melting the filler wire. The remaining
energy is consumed by melting a rather large portion of the substrate. Although there is
complete fusion of the overlay with the substrate, the level of dilution is high due to the
large quantity of substrate melted. As the filler metal feed rate is increased, Figure 49b
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Figure 49. Changes in dilution and fusion which are expected to result as the filler metal
feed rate is increased for a given level of energy delivered by the arc.
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and 49c, a larger portion of the total energy is required for melting the filler wire and less
energy is available for melting the substrate. As a result, the quantity of substrate melted
decreases. Figure 49c represents the optimum balance of parameters because the highest
possible feed rate is achieved for a given level of energy while maintaining complete
substrate/overlay fusion and a low level of dilution. With a further increase in filler metal
feed rate, Figure 49d, the filler metal absorbs a major portion of the arc energy with
insufficient energy available to completely melt the substrate. At this point, complete
overlay/substrate fusion is lost and the critical filler metal feed rate/arc energy balance is
considered to be exceeded.
The problem discussed above is especially applicable to the non-consumable electrode
processes where the arc current and filler metal feed rate are independently controlled.
With the consumable electrode processes, the characteristics of the power source are such
that an increase in wire feed speed automatically provides an increase in arc current (and
hence arc energy). However, the incremental increase in current with wire feed speed can
be affected by electrode extension, arc voltage, and power source slope. As such, the
critical balance of parameters can also be difficult to obtain with the consumable electrode
processes.
It is clear, then, that the process parameters must be carefully balanced to provide
high deposition rates at low levels of dilution while maintaining complete fusion of the
overlay with the substrate. However, a method for predicting this critical balance is
presently not available. As a result, procedure development is currently conducted using
time consuming, iterative approaches and the results are generally only applicable for a
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given application. Thus, a quantitative method for predicting conditions which result in
low dilution with complete fusion at a given filler metal feed rate would be of significant
value to personnel involved in weld overlay procedure qualification. The following section
presents such a method.
4.3.1 Predicting the Operable Processing Range
The first step to procedure development is the selection of variables which can readily
deposit overlays that are completely fused with the substrate. As previously mentioned,
this requires a critical balance between the filler metal feed rate and total energy provided
by the arc for melting the filler metal and substrate. As the filler metal feed rate is
increased for a given arc energy, more energy is consumed by the filler metal, the energy
available for melting the substrate is reduced, and incomplete fusion occurs at some
critical filler metal feed rate/arc energy ratio. This condition can be quantitatively
described by starting with a balance of power terms across the welding arc as previously
given in equation (23)
Here, the volumetric filler metal feed rate (in mm3/sec.) as given by the individual
product of wire cross-sectional area (Ar) and wire feed speed (Sf) in equation (23) is
simply replaced by Vr. Similarly, Vs is the substrate volumetric melting rate. The
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(fCp(T)dT + ~Hf)f and (fCp(T)dT + ~f)s terms represent the enthalpy change required
to melt a given volume of filler metal and substrate, respectively (in J/mm3). These values
are material constants which are available in the literature (e.g., Refs. 6, 37). These terms
can be represented by Ef for the filler metal and Es for the substrate for simplicity. The
left side of equation (45) represents the melting power delivered by the arc. Equation (45)
can now be rewritten in the simpler form
(46) I
The condition for complete loss of fusion between the overlay and substrate can now
be quantitatively described via equation (46) by noting that
I V, = 0 at 0% Fusion (47) I
and at 0% fusion equation (46) becomes
or
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(48) I
(49)
Equation (49) defines the critical filler metal feed rate/arc melting power ratio in terms
of the filler metal thermo-physical properties at which point 0% fusion begins. Therefore,
any ratio greater than this value should be immediately excluded from consideration in
a procedure development program. This criteria can be written as
(50)
Simply put, equation (50) states that the melting power supplied by the arc must be
greater than that required to melt the volumetric flow rate of the filler wire. In this
condition, it is assured that some portion of the arc power will remain for melting of the
substrate.
Figure 50 shows a plot of the percent overlay/substrate (cladding) fusion as a function
of the VI(TlallmVI) ratio using the PAW process as an example. This process was chosen
for its ability to provide filler metal in a powder form with good control and independent
manipulation over arc energy. The results have been extended to other processes and will
be discussed later. Although there is scatter in the data and the transition to 0% fusion
133
~ 100.0
...
c 90.0
0
.-m 80.0::
~. IOPERABLEQJ 70.0
-~ 60.0
RANGE
'-
-
m
.c 50.0~
CI)
.......... 40.0OJ:)
c:
.-
1:2 30.0
1:2 0 00 0~
-
20.0U 0
10.0 fusion
a (}%
0.0
0.02 0.04 0.06 0.08 0.12 0.14 0.16
VrfTlaT1mVI Ratio, mm3/J
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melting power ratio (V!(llallmVI)) for the PAW process showing the transition to 0%
fusion as the V!(llallmVI) ratio is increased to a critical level.
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is not continuous, the trend between fusion and the Vl(l1a"lmVI) ratio is clearly displayed.
As expected, the overlay/substrate fusion is 100% when the Vl(l1allmVI) ratio is low. As
the ratio is continuously increased, the overlay/substrate fusion is slowly lost until a point
is reached where fusion is reduced to 0%. According to Figure 50, the approximate
Vl(l1allmVI) ratio for the initiation of 0% fusion is given as
(Experimentally)
The value of Ef for the 308 stainless steel filler metal used in this work is 8.7
joules/mm3 (Ref. 6). Therefore, according to equation (50)
1 = _1_ = 0.11 mm 3/joule
Ef 8.7
which shows there is good agreement between experimental data and equation (50).
However, the overlay must be applied with complete or nearly complete fusion with the
substrate. In other words, equation (50) is a necessary but not sufficient condition for
complete overlay/substrate fusion. In cases where subsequent passes are applied, any
slight amount of incomplete fusion at the edges of the overlay are likely to be remelted
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by the subsequent weld pass. In such conditions, a small percentage of incomplete fusion
is probably acceptable and a practical value would be 90%. This value can be used to
specify the maximum V1(11al1 mVI) ratio. According to Figure 50
Although this value must be determined experimentally, it is very close to the value
of {VI(Tjal1mVI)} Fusion=O% given by equation (50). Therefore, equation (50) provides a
convenient, close starting point for selecting the required balance of arc power and filler
metal feed rate required for adequate overlay/substrate fusion. This equation can be
evaluated and used to immediately identify inoperable welding parameters before any
optimization attempts are maqe on the shop floor. The trend depicted schematically in
Figure 49 is shown experimentally in Figure 51 where the transition to 0% fusion is
shown as the VI(Tj al1mVI) ratio is increased.
Figure 52 shows a plot of percent fusion against the Vl(l1al1mVI) ratio for the all the
processes. The GTAW, GMAW, and SAW processes were operated under the conditions
set by equation (50). As expected, the fusion values are very near 100% for the
parameters identified through equation (50). There is a slight difference between the SAW
and other processes. The SAW process consistently provides complete fusion while the
other processes yield values which are occasionally slightly less than 100%. This
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Figure 51. Experimental observation of the transition to 0% fusion which occurs as the
filler metal feed rate to melting power ratio (V!(llallmVI)) is increased.
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Figure 52. Percent fusion as a function of the filler metal feed rate to melting power ratio
(V!(llallmV1)) for the all the processes. For the SAW, GMAW, and GTAW processes,
equation (50) was used to identify the parameters which would produce adequate fusion.
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difference may be a result of the flux used with the SAW process. In addition to the
criteria set forth by equation (50), the thin surface oxide layer on the substrate must be
completely disassociated for complete fusion. The flux used with the SAW process is
specifically designed to remove surface oxides. In contrast, this surface fluxing action is
not available with the other processes and may account for the slightly lower fusion
values of the GMAW, GTAW, and PAW processes exhibited in Figure 52.
Lastly, it is informative to evaluate the effect of arc and melting efficiency on the
ability of a process to achieve complete fusion. As noted in the last two sections, the
consumable electrode processes exhibit the highest arc efficiency which, in turn, provides
high melting efficiency. By contrast, the non-consumable electrode processes exhibit
lower arc and melting efficiencies. Under conditions of equivalent arc power, the amount
of energy delivered to the substrate for melting, and hence fusion, is reduced when the
arc and melting efficiency are lower. Therefore, to achieve complete fusion, higher arc
powers or lower filler metal feed rates will be required for processes with low thermal
efficiency in order to compensate for these energy losses. This effect is shown in Figure
53 where the percent fusion for each process is plotted as a function of the ratio of filler
metal feed rate to arc power. The thermal efficiency factors have been removed in order
to compare this effect among the processes. For the consumable electrode processes that
exhibit high thermal efficiency, high filler metal feed rates can be used at similar arc
powers while still achieving good fusion. When the thermal efficiency is reduced, as with
the PAW and GTAW processes, the filler metal feed rate must be lowered in order to
maintain good fusion. The superior filler metal feed rates of the consumable electrode
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processes are widely recognized in the welding industry. However, the reason for this has
not been stated explicitly. Inspection of Figures 52 and 53 show that the high filler metal
feed rates of the GMAW and SAW processes are made possible by high thermal
efficiency.
To summarize, the degree of fusion achieved for a given set of variables is controlled
by the filler metal feed rate to melting power ratio, V!(l1al1mVI). Equation (50) defines
a necessary but not sufficient condition for obtaining complete overlay/substrate fusion.
In practice, a V!(l1al1mVI) ratio slightly lower than that given by equation (50) is
required. The superior filler metal feed rates of the consumable electrode versus non-
consumable electrode processes, which have long been realized by the welding industry
been never fully explained, are attributed to the higher thermal efficiency of the former.
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4.3.2 Calculating Dilution from Processing Parameters
Once the range of variables is determined for achieving complete fusion between the
overlay and substrate, the next step is to select parameters which will apply the overlay
at high deposition rates with reasonably low levels of dilution. However, the factors
affecting dilution are only qualitatively understood at this point. A more fundamental and
quantitative approach to this problem is developed in this section.
First note that dilution is given by equation (16) as
% Dilution As--- X 100
A + AS 0
(16)
Therefore, in order to predict dilution from the processing parameters, equations need to
be derived for the two cross sectional area terms as a function of the welding parameters.
An equation which contains these terms can be obtained by dividing each side of the
power balance given in equation (46) by the travel speed.
(51)
The ratios of volumetric melting rates to travel speed, VIS and VIS, are simply equal to
the cross sectional areas Ao and As, respectively. Therefore
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(52) I
Equation (52) provides one equation with two unknowns. A second equation can be
written for A
o
by conducting a mass balance across the arc
V
A = J.
o S (53) I
The left side of equation (53) is the volumetric melting rate of the overlay while the right
side is the volumetric feed rate of the overlay. Equation (53) is valid when losses due to
spatter are negligible which is typically the case (Ref. 53). Equation (53) can be
substituted into equation (52) to derive a relation between As and the welding parameters.
(54)
Equations (53) and (54) provide relations between the welding parameters and two
cross sectional area terms which can be used to predict dilution. Noting that equation (16)
can be re-written in the form
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A
% Dilution = ( 1 + ~rl X 100% (100)
As
and substituting equations (53) and (54) into (l6a), an equation for dilution in terms of
the welding parameters can be obtained
Equation (55) provides an analytical solution of dilution in terms of the welding
parameters, thermal efficiency factors, and overlay and substrate thermo-physical
properties. It is interesting to note that the same result can be obtained by defining
dilution in terms of the overlay and substrate melted volumes by
V -1
%Dilution = (1 + --.£) X 100% (56)
Vs
which is analogous to equation (l6a). In this case, equation (56) can be used directly with
equation (46). The result is equivalent with each approach. However, the former approach
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yields a solution for As' which is also an important quantity to be able to predict.
Figure 54 shows a comparison of measured and calculated dilutions using equation
(55) for each process evaluated. The agreement between theoretically and experimentally
determined values is very good and indicates equation (55) can be utilized for accurately
determining dilution from the processing parameters when the thermal efficiency factors
and substrate and filler metal thermo-physical properties are known. Recall from Section
4.1 that the arc efficiency is essentially constant for a given process, and Section 4.2
derived a semi-empirical relation for melting efficiency in terms of the welding variables.
Therefore, the pertinent quantities can be readily estimated for use in equation (55).
Experience shows that dilution depends on travel speed. However, this is not
immediately evident from equation (55) until the solution for melting efficiency is also
considered. Inspection of equation (43) reveals that increasing the travel speed (and arc
power) will lead to an increase in dilution, which is typically observed.
4.3.3 Surfacing Diagrams for Optimization of Processing Parameters
Although equation (55) is useful for estimating dilution, it does not address the issue
of deposition rate. As previously noted, it is desirable to achieve high deposition rates at
low dilution levels while maintaining adequate fusion of the overlay with the substrate.
The maximum deposition rate for a given melting power and the corresponding dilution
which results from a certain deposition rate/melting power combination can be derived
on one diagram, referred to here as the Surfacing Diagram. First, equation (55) is solved
in terms of the deposition rate, Vr
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where
(57)
l - 1
D (58) I
where D is the fraction (i.e., not percent) dilution. Equation (57) indicates that for a given
filler metaVsubstrate combination (i.e., Er and Es fixed) a plot of Vr against TlallmVI will
yield various slopes which depend only on the dilution. Second, the maximum filler metal
feed rate can be plotted as a function of melting power be re-writing equation (49) in the
form
1
= (-)11 11 VIE a m
'j
(49a) I
which indicates that the maximum filler metal feed rate varies linearly with melting
power by a line with slope (llEr). Therefore, equations (57) and (49a) can be plotted on
one diagram to reveal the maximum filler metal feed rate for a given melting power and
the resultant dilution which will result from a given filler metal feed rate/melting power
ratio. These concepts are shown in the Surfacing Diagram of Figure 55.
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Figure 55. Surfacing Diagram for determining optimized welding parameters. The diagram
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the dilution which results for a given deposition rate and melting power.
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The filler metal feed rate (Vr) is plotted as a function of the melting power (l1allmVI)
and the slopes which correspond to various dilution levels are plotted in 10% increments.
Again, for a fixed overlay/substrate combination the slopes are determined only by the
dilution. The boundary between the inoperable range and the operable range, as defined
by equation (49a), is also plotted. This line is also denoted as the 0% dilution line since
0% dilution is synonymous with 0% fusion. Actual data for the SAW process are plotted
and the measured values of dilution are shown in the data points for comparison. As with
Figure 54, the agreement is good. This is to be expected sine Figure 55 is simply are-plot
of the data presented in Figure 54. With the Surfacing Diagram, the effect of the welding
parameters on dilution is readily apparent. For a fixed filler metal feed rate, the dilution
increases with increasing melting power. In other words, the extra melting power cannot
be absorbed by the overlay if the filler metal feed rate is fixed, so the substrate absorbs
the extra melting power which results in an increase in As and concomitant increase in
dilution via equation (16). Note that a filler metal feed rate of zero describes an
autogenous weld which always has 100% dilution, as exhibited by the diagram.
Conversely, for a given melting power, an increase in the filler metal feed rate result in
a decrease in dilution. In this case, the increase in Vr will consume a larger portion of the
total melting power and less energy becomes available to melt the substrate. As a result,
the substrate cross sectional area decreases and dilution is reduced. When the filler metal
feed rate is increased beyond the operable/inoperable boundary, lack of fusion is assured
to occur.
The diagram reveals the effect of processing parameters on the two most important
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quantities in surfacing: deposition rate and dilution. The maximum filler metal feed rate
which can be permitted without complete loss of fusion can also be determined. In
addition, the Surfacing Diagram can also be used to select the most suitable process for
a given application. This can be accomplished by plotting the data for all the processes
on the diagram and comparing the processes in terms of the minimum achievable dilution
and maximum achievable deposition rate. This comparison is made in Figure 56 where
a distinct difference is observed between the consumable and non-consumable electrode
processes.
With the consumable electrode processes, the thermal efficiency is high which moves
the operating conditions to high melting powers which, in turn, permits high deposition
rates. The maximum deposition rate attainable in this work was 245 mm3/second.
However, the minimum dilution level is in the range of 20 to 30%. In contrast, the non-
consumable electrode processes can achieve dilution levels down to less than 10% (while
still achieving complete fusion), but the maximum deposition rate in this work was
limited to approximately 140 mm3/second because the thermal efficiency of these
processes are low. The differences in dilution between the two classes of processes results
from the differences in operating characteristics. With the consumable electrode processes,
an increase in filler metal feed rate automatically results in an increase in current (and
hence melting power) due to the operating characteristics of the power source. This effect
makes it relatively difficult to obtain low dilution levels. With the non-consumable
electrode processes, the filler metal feed rate and arc current can be independently
controlled and dilution is easier to minimize. The choice of a process, then, will generally
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Figure 56. Using the Surfacing Diagram to compare the performance of arc welding
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the maximum deposition rate is limited due to low thermal efficiency. The consumable
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151
be dictated by the application. In cases where deposition rate is the critical factor, such
as surfacing large parts, the consumable electrode processes are preferred. If keeping
dilution to a minimum is of major importance, which may be required in some cases to
preserve the properties of the high alloy overlay, then the non-consumable processes will
be preferred.
To summarize, the Surfacing Diagram can be utilized to facilitate process selection and
parameter optimization in weld overlay applications. Process selection is conducted by
plotting data for various processes on the diagram and comparing the relative performance
of each process in terms of the two most important factors in surfacing: dilution and
deposition rate. Parameter optimization can be achieved by determining the maximum
deposition rate (i.e., filler metal feed rate) which can be used for a given melting power
while maintaining adequate fusion with the substrate and also by determining the resultant
dilution for a given filler metal feed rate and melting power. Most importantly, it is
desirable to move up to high filler metal feed rates along the lines of low dilution levels.
In this way, parameters can be selected which provide both high deposition rates and low
levels of dilution. Lastly, equations (57) and (49a) can be used to easily formulate new
diagrams for any overlay/substrate combination as long as the filler metal and substrate
thermo-physical properties are known. These properties are tabulated in many engineering
handbooks.
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4.3.3 Effect of Electrode Stick-out Length
As noted in the literature review section, the ability to increase the length of the
electrode which carries the welding current (consumable electrode processes) provides a
means of increasing the deposition rate while decreasing the dilution level. This
phenomenon was previously explained in detail. Briefly, the increased electrode length
increases the total resistance seen by current which results in a current reduction for a
fixed filler metal feed rate. As a result, the dilution is reduced. This effect can also be
displayed on the processing diagram as shown in Figure 57. The results of two electrode
extensions are plotted on the diagram. The deposition rate for each case is equivalent, but
the dilution level decreases when the electrode extension is increased. Therefore, the
electrode extension provides a means a fine tuning the consumable electrode processes
for minimizing dilution. It is possible that further reductions in dilution may be provided
with increased electrode extensions which would bring the minimum dilution level closer
to the non-consumable electrode processes.
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Figure 57, Use of the Surfacing Diagram to display the effect of electrode extension.
Increasing electrode extension decreases the arc current while holding deposition rate
constant. As a result, the dilution can be reduced while the deposition rate is unaffected.
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4.4 PREDICTING COATING THICKNESS
Deposition rate and dilution are the most critical factors of a surfacing application.
However, it is also often desirable to predict the coating thickness which will result from
a given set of parameters. This section outlines a simple relation between the welding
parameters and overlay thickness which can be used for estimating this quantity.
As noted in Section 2.3.5, a mass balance across the welding arc shows that overlay
thickness should be a function of the filler metal feed rate, the welding travel speed, and
the width of the overlay. In particular
V
t DC -.L
Sw (59) I
If the overlay cross-sectional area were rectangular, then the relation would be exact.
However, the cross sectional area is elliptical and the dependance of Ao on t and w is not
given simply by the product t-w as was assumed (see Section 2.3.5). Nevertheless,
equation (59) reveals the functional relation between the welding variables and coating
thickness.
Figure 58 shows the overlay thickness for all the welding variables as a function of
V!(S-w). As expected, the coating thickness shows a linear dependence on the quantity
V!(S-w), regardless of the process considered. However, equation (59) cannot be used
to predict coating thickness from the welding parameters because the weld overlay width
is an unknown quantity which depends on the processing variables.
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Consistent with equation (59), the coating thickness shows a linear dependence on the
quantity V/(S-w), regardless of the process considered.
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Figure 59 shows the overlay thickness exclusively as a function of the preset
welding parameters: filler metal feed rate and travel speed. The data for all the processes
lie on a single curve with a reasonably low degree of scatter, indicating that weld overlay
width varies only slightly within the conditions of this work and, therefore, its effect can
be neglected. The overlay thickness can be estimated from the pertinent welding
parameters by a second order polynomial of the form
v V
t = 0.800 + 0.127(---.£) - 0.001(-~t)2
S S
(60)
Equation (60) is only valid for the range of VIS values evaluated here. The non-zero
intercept in the semi-empirical relation suggests that the overlay can have a finite
thickness when the filler metal feed rate is zero. Obviously this is a not possible. The data
is expected to pass through the origin as the VIS ratio tends toward zero.
As noted in Section 2.3.5, some applications require the a thin weld overlay. For the
conditions evaluated here, the PAW process was found to deposit overlays at the lowest
thickness. This can be attributed to the ability of the processes to independently control
filler metal feed rate and arc power and also to deposit the filler metal in a powder form
at very low filler metal feed rates. This advantage of the PAW process is often utilized
in industrial applications for surfacing the edges of components, such as in the
refurbishment of turbine blades. In cases where low coating thicknesses are not required,
Figures 58 and 59 show that the processes are essentially equivalent when compared at
similar VISw or VIS values.
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in this work.
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In summary, the overlay thickness depends on the filler metal feed rate, travel
speed, and overlay width. For conditions utilized in these experiments, the effect of
overlay width was found to be sufficiently small and overlay thickness could be expressed
exclusively as a function of the preset variables (filler metal feed rate and travel speed)
by the semi-empirical relation given by equation (60). The PAW process should the best
ability to deposit overlays at the lowest thickness.
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4.5 COMPARISON OF PROCESS PERFORMANCE
The major objectives of this study were to develop predictive methods for optimizing
welding parameters and compare the performances of arc welding processes which are
typically used for surfacing applications. Methods for predicting optimized welding
parameters were discussed in the previous section. Differences in process performance
based on arc efficiency, melting efficiency, dilution, deposition rate, and coating thickness
control have been discussed throughout this work. The results are summarized in this
section in order to make a detailed comparison among the processes.
The consumable electrode processes (GMAW and SAW) exhibited a higher arc
efficiency ('flu = 0.84) than the non-consumable processes (GTAW, 'lla = 0.67 and PAW,
'lla =0.47). The difference is a result of the resistive power term which is generated in the
consumable electrode and transferred to the substrate when the electrode is deposited as
weld metal. By contrast, the resistive power term of the non-consumable electrode
processes is lost by radiation from the electrode surface and conduction into the electrode
collet. Power losses to the massive powder dispensing nozzle of PAW torch reduce the
arc efficiency of this process even further.
The variation in arc efficiency among the processes was found to have a direct effect
on the maximum melting efficiency which could be achieved. An increase in melting
efficiency is accomplished by increasing arc power and travel speed. However, low arc
efficiencies limit the power which is delivered to the substrate which, in turn, limits the
maximum travel speed which can be attained. As a result, the consumable electrode
processes exhibited high melting efficiencies which were in the range of 0.33 to 0.50. The
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value of 0.50 is in agrrement with the theoretical maXImum. The non-consumable
electrode processes were limited to melting efficiencies in the range of 0.21 to 0.37 for
the GTAW process and 0.03 to 0.25 for the PAW process. Maximizing the melting
efficiency results in a significant reduction in the substrate HAZ size. In addition, the
achievement of melting efficiencies at the theoretical maximum for the GMAW and SAW
processes suggest that these processes can compete with the more expensive and elaborate
high energy density processes (laser and electron beam).
The maximum deposition rate which can be achieved for a given value of set arc
power (VI) was found to depend on the ability of a process to transfer the arc power to
the substrate for melting. The melting power is given quantitatively by the product of the
thermal efficiency factors and arc power, llallmVI. Therefore, the deposition rate depends
on the thermal efficiency of the process, and it becomes immediately apparent that
limitations in melting efficiency caused by low a low arc efficiency will, in turn, limit
maximum deposition rate which can be achieved. As a result of this trend, the
consumable electrode processes exhibited high deposition rates in the range of 120 to 245
mm3/second while the deposition rate of the non-consumable electrode processes were
limited to the range of 10 to 130 mm3/second.
Although the consumable electrode processes exhibited superior performance in terms
of thermal efficiency and deposition rate, the non-consumable electrode processes were
capable of achieving lower dilution levels. With the GTAW and PAW processes, dilution
levels could be controlled to less than 10%. In contrast, the consumable electrode
processes showed minimum dilution values which were slightly greater than 20%.
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Increases in electrode extension were found to reduce dilution, and it is possible that
further optimization of electrode extension may result in a reduction of dilution to values
that are comparable with the non-consumable electrode processes. The low dilution levels
achieved with the GTAWand PAW processes can be attributed to the ability to
independently control arc power and filler metal feed rate.
Coating thickness is the last factor to consider. The PAW process was found to be
most suitable for depositing coatings of low thickness. This can be attributed to the
independent control of filler metal feed rate and arc power and the use of filler metal in
powder form which permits a high degree of control. When low coating thicknesses are
not a concern, there is essentially no difference among the processes.
In summary, the choice of a welding process will be dictated by the application. In
conditions where the coating must to be applied at high deposition rates with minimal
change in the substrate microstructure and there are no stringent requirements for
minimizing dilution or coating thickness, the consumable electrode processes are the
preferred choice. This condition typically arises when large, heavy walled components are
surfaced. In such applications, a high deposition rate is required to cover the large surface
area in reasonable time. In addition, these applications usually require multiple layer
coatings where the effect of substrate dilution is minimized by each additional layer.
When coatings are required with low dilution and coating thickness, the non-consumable
electrode processes will be the preferred choice. This condition typically arises when
surfacing small components where only one surface layer is required and dilution must
be minimized to preserve to protective properties of the overlay.
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5. CONCLUSIONS
A study has been conducted to 1) Develop methods for predicting optimized welding
parameters in surfacing applications and 2) Compare the performance of arc welding
processes which are typically used in surfacing applications. To simulate a typical overlay
application, type 308 austenitic stainless steel was deposited onto A36 carbon steel over
a wide range of parameters for the PAW, GTAW, GMAW, and SAW processes. The
important factors considered in terms of parameter optimization and comparison of
process performance included arc efficiency, melting efficiency, deposition rate, dilution,
and coating thickness. The following conclusions can be drawn from this work:
1. The arc efficiency was found to be a function only of the processes and did not vary
significantly within a given process over the range of currents investigated. The following
values were measured: GMAW and SAW - lla =0.84 ± 0.04, GTAW - lla =0.67 ± 0.05,
PAW -l1a =0.47 ± 0.03.
2. The greater arc efficiency of the GMAW and SAW processes compared to the GTAW
and PAW processes is attributed to the 12R power of the consumable electrode which is
directly transferred to the substrate as the electrode is deposited as weld metal. The low
arc efficiency of the PAW process is due to heat losses to the nozzle which surrounds the
electrode and a portion of the arc.
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3. The melting efficiency increases with increasing arc power and travel speed. The low
arc efficiencies of the non-consumable electrode processes limit the power which is
delivered to the substrate which, in turn, limits the maximum travel speed which can be
attained. As a result, melting efficiencies were limited to 0.21 to 0.37 for the GTAW
process and 0.03 to 0.25 for the PAW process. By contrast, the consumable electrode
processes exhibited high melting efficiencies which were in the range of 0.33 to 0.50.
4. The melting efficiency has a significant effect on the weld thermal cycle which cannot
be accounted for by classical heat flow equations.
5. The melting efficiency can be estimated reasonably well from the processing
parameters by the semi-empirical relation
1TIm ::: ----
35
TlaVIS
where V is the voltage in volts, I is the current in amperes, and S is the travel speed in
m/second.
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6. The maximum deposition rate which can be used for a given arc power without
complete loss of overlay/substrate fusion can be predicted by
where Er is the enthalpy change due to melting for the filler metal. This relation is a
necessary but not sufficient condition for overlay/substrate fusion. In practice, the
maximum value of Vr will be slightly lower than that given theoretically.
7. The superior deposition rate of the consumable electrode processes over the non-
consumable electrode processes, which has long been recognized but never fully
accounted for, is due to the greater thermal efficiency of the consumable electrode
processes. Because of the high thermal efficiency, the consumable electrode processes
could achieve deposition rates in the range of 120 to 245 mm3/second while the
deposition rate of the non-consumable electrode processes were limited to the range of
10 to 130 mm3/second.
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8. The dilution which results from a given set of processing parameters can be accurately
predicted by
%Dilution
where Es is the substrate enthalpy change due to melting.
9. With the GTAWand PAW processes, dilution levels could be controlled to less than
10%. The consumable electrode processes showed minimum dilution values which were
slightly greater than 20%. The low dilution levels achieved with the GTAW and PAW
processes can be attributed to the ability to independently control arc power and filler
metal feed rate.
10. A new processing diagram, termed the Surfacing Diagram, has been developed to
facilitate the optimization of welding variables. The diagram displays the maximum
deposition rate which can be achieved for a given arc power and the dilution which will
result for any combination of welding parameters. The effect of thermal efficiency on
deposition rate is also revealed on the diagram. The diagram can also be used to reveal
differences in process performance.
166
11. For the range of parameters investigated, the coating thickness which will result from
a given set of parameters can be estimated reasonably well from the semi-empirical
relation
v V
t = 0.800 + 0.127(-.1) - 0.001(-.1)2
S S
where t is the overlay thickness in mm, S is the travel speed in rnm/second, and Vf is the
filler metal feed rate in mm3/second.
12. The PAW process was found to be most suitable for depositing coatings of low
thickness. This can be attributed to the independent control of filler metal feed rate and
arc power and the use of filler metal in powder form which permits a high degree of
control. When low coating thicknesses are not a concern, there is essentially no difference
among the processes.
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